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ABSTRACT 
 
The effect of intestinal microbiota and dietary supplementation of mannan 
oligosaccharides (MOS) on mucosal architecture and digestive physiology in broiler chicks was 
examined. In experiment 1, pre-sterilized eggs (Ross x Ross 308) were placed in three HEPA 
(high efficiency particulate air)-filtered isolator units at day 19 of incubation. Germ-free chicks 
in one isolator were conventionalized by exposure to cecal contents from a laying hen. Bacterial 
contamination occurred in one germ-free isolator such that these birds were monoassociated by a 
bacterium within the Acinetobacter spp. resulting in 3 categories of microbial status including 
germ-free (GF, n=10), conventionalized (CV, n=19) and monoassociated (Mono, n=13) birds. 
Dietary treatments assigned to each isolator consisted of a negative control (NC, 0 g/kg of MOS 
in the basal diet) and MOS (2 g/kg of MOS in the diet) resulting in a 2X3 factorial treatment 
arrangement. At 7 d of age, body weight was recorded and birds were killed to permit collection 
of visceral organs, intestinal tissues and cecal contents. Body weight, relative length of small 
intestinal segments and relative bursa weight were significantly increased in CV birds. These 
birds also had increased crypt depth and lamina propria area. Dietary MOS increased villus 
height and villus surface area in CV birds compared with GF and Mono birds. Transcripts for all 
housekeeping genes tested in ileal tissue were increased by MOS such that transcripts were 
normalized to unit mass of total RNA.  In comparison to birds fed the NC diet, MOS 
significantly increased the abundance of proliferative cell nuclear antigen (PCNA), toll-like 
receptor (TLR)-4, avian β-defensin (GAL)-6, interleukin (IL)-8, peptide transporter 1 (PepT1) 
and sodium-dependent glucose transporter (SGLT)-1 transcripts in ileum per unit total RNA. 
However, the effect of microbial status on selected gene expression profiles was surprisingly 
limited. A second experiment was conducted to confirm the conventionalization protocol 
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produced a complex microbiota similar to conventionally reared birds.  Twenty day-old broiler 
chicks (Ross x Ross 308) were assigned to one of two wire-floored battery cages provided the 
NC and MOS diets ad libitum and killed at 7 d of age. Terminal restriction fragment length 
polymorphism (TRFLP) analysis demonstrated that microbial diversity indices (Richness, 
Evenness, Shannon, and Simpson) were greater in conventionalized gnotobiotic birds compared 
to the conventionally reared birds confirming a successful conventionalization strategy in the 
gnotobiotic trial. These studies demonstrate that under good hygienic conditions, CV chicks 
thrive similar to GF animals. Based on responses to MOS observed in GF birds, evidence 
indicates that MOS, independent of changes in microbial composition, directly modifies host 
response parameters including innate immune activation, digestive and absorptive function. 
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1.0 GENERAL INTRODUCTION 
 
The poultry industry has been one of the fastest growing food- producing animal 
industries in the world with the production of meat-type poultry experiencing tremendous growth 
over the past several decades (Windhorst, 2006). A primary emphasis of the commercial broiler 
industry has been to maximize the growth and meat yield of birds while maintaining their health 
at an optimal level. Recently, the significant influence of the intestinal microbiota on bird health 
and metabolism has been recognized, mediated either through competition with pathogens or 
through host sensing of microbial products affecting intestinal development, digestive and 
immune function. Therefore, increased attention has been given the development of dietary 
strategies to beneficially manipulate intestinal microbial composition or directly activate host 
sensing pathways leading to improved health and performance. 
The relationship between the broiler chicken and the microbial community of the 
gastrointestinal system commences immediately after hatch and an environment is established 
where mutual benefits can accrue to both microbe and host. In chickens, the resident microbiota 
is established and stabilized by 2 to 3 weeks of age (Snel et al., 2002; Lu et al., 2003), and this 
complex process is influenced by various factors including the age of the bird, composition of 
the diet, and the use of additives such as enzymes, antibiotics and probiotics (Patterson and 
Burkholder, 2003; Xu et al., 2003; Gong et al., 2008).  The most abundant and diverse microbial 
community of bacteria develops in the paired ceca; though, there are also abundant and diverse 
microorganisms in the crop, proventriculus, gizzard and small intestine. Interactions of the gut 
microbiota and their metabolites with the intestinal mucosa result in anatomical and 
physiological changes in the host digestive tract (Coates, 1980; Furuse and Okumura, 1994). 
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Gnotobiotic experiments are considered as a tool in the study of host microbial 
interactions. The microbial impact on the immune, nutritional and physiological processes of the 
gastro intestinal system (GIT) has been shown in comparative studies of germ-free (GF) and 
conventionalized (CV) animals. It has been reported that conventional chickens generally show 
reduced growth compared to the germ-free birds (Kussaibati et al., 1982; Furuse and Okumura, 
1994) when readily digestible diets are provided. This has been explained as an increase in the 
maintenance protein and energy requirements of the conventional compared to germ-free bird 
associated with innate and adaptive immune mechanism activated to contain the normal 
microbiota within the GIT lumen. On the other hand, when diets contain a significant fiber 
component available to the bird only through microbial fermentation in the ceca, then the 
increased maintenance costs may be offset by increased energy extraction (Furuse and Okumura, 
1994).     
Commensal bacteria are microorganisms which enter the body of the host animal from the 
environment shortly after birth and colonize the mucous membranes and skin epithelia. They live 
in a symbiotic or mutually beneficial relationship with their host. The innate immune system has 
an ability to recognize and limit microbes early during infection. During microbial invasion, 
microorganism-associated molecular patterns (MAMPs) are detected by an array of pattern-
recognition receptors (PRRs) such as toll-like receptors (TLRs), leading to the activation of 
defense mechanisms that protect the host. The beneficial bacteria and their metabolites 
participate in the normal development and function of the mucosal immune system (Salminen et 
al., 1998; Rakoff-Nahoum et al., 2004; Mazmanian et al., 2005; Wagner, 2008). This is evident 
by the delayed immune cell development in the lamina propria and reduction in IgA producing 
cells in GF birds compared with their conventional counterparts (Thorbecke et al., 1957; Gordon 
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and Pesti, 1971; Honjo et al., 1993). Moreover, commensal bacteria compete with invading 
microorganisms for space and resources, thereby giving fewer opportunities for true pathogens to 
become established. 
Intestinal mucus layers secreted by goblet cells consist mainly of secretory mucin 
glycoproteins (MUC2), which are variably modified to protect enterocytes from attachment by 
pathogens. Gut microbiota affect the functions and number of goblet cells (Deplancke and 
Gaskins, 2001; Moal and Servin, 2006) and numerous gnotobiotic studies on rodents have 
reported changes in mucus production and composition associated with the presence of intestinal 
microbiota (Kandori et al., 1996; Meslin et al., 1999; Sharma and Schumacher, 2001).  
The optimum yield in meat-type birds is influenced by the efficient digestion and 
absorption of nutrients. Greater villus height leads to increased surface area and the potential for 
greater digestion and absorption of disaccharides and dipeptides are promoted. In chickens, it has 
been reported that there is rapid development of intestinal villi during the first 10 days post-hatch 
(Yamauchi and Isshiki, 1991). Conventional chickens have shown greater villi height in the 
small intestine compared to germ-free birds (Cook and Bird, 1973; Forder et al., 2007). 
Indigenous microbes may stimulate vascularization and villi development and thereby enhance 
the efficiency of digestion and absorption (Stappenbeck et al., 2002). Further, bacterial 
fermentation of non-digestible carbohydrates results in short chain fatty acids (SCFAs) which 
provide extra energy and increase intestinal tissue mass by accelerating enterocyte proliferation. 
However, this may be a unique character in birds since the other gnotobiotic studies on rodents 
(Abrams et al., 1963; Khoury et al., 1969; Meslin and Guenet, 1973) and pigs (Kenworth.R, 
1967; Willing and Van Kessel, 2007) showed shorter villi in CV animals compared to their GF 
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counterparts explained by greater turnover and increased maintenance cost in the presence of 
microbiota.  
 It has been well documented that there is significant impact of diet on the composition and 
metabolic activity of the GIT microbiota (Wagner and Thomas, 1978; Jensen, 1998; Pluske et al., 
1998). Supplementation of exogenous feed in the early post-hatch period may have the greatest 
impact on GI development (Uni et al., 1998a) and overall lifetime performance of chickens 
(Lilja, 1983; Geyra et al., 2001a). Subtherapeutic levels of antibiotics have been used to modify 
intestinal microbiota in agricultural animal production since mid -1940s (Dibner and Richards, 
2005). Evidence indicates that their incorporation in feed has improved performance and health 
status in broiler chickens (Coates et al., 1955; Miles et al., 2006). However, recommendations to 
reduce or eliminate the use of antibiotics in animal feed have been discussed due to the 
emergence of antibiotic resistance in human pathogens (Swann, 1969; Greko, 2001; Roe and 
Pillai, 2003). Therefore, the antibiotic growth promoters (AGP) have been replaced by a wide 
variety of alternative feed additives to enhance the performance of farm animals including 
broilers. 
Mannan oligosaccharides (MOS) are derived from the outer cell wall of Saccharomyces 
cerevisiae and have been introduced as a non-pharmaceutical alternative to AGP. Dietary MOS 
supplementation has been shown to improve growth performance (Hooge, 2004; Rosen, 2007) 
and lower pathogen shedding (Fernandez et al., 2000; Spring et al., 2000; Fernandez et al., 
2002), although not consistently (Sarica et al., 2005;Yalcinkaya et al., 2008).The mechanisms by 
which MOS improves performance and/or reduces pathogen load are not fully understood, a fact 
that contributes to debate regarding efficacy. Mechanisms of action may include inhibitory 
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effects on pathogen colonization, immune modulation, improvement of intestinal morphology 
and expression of mucin and brush border enzymes (Ferket, 2004).   
The aim of the present investigation was to determine the impact of microbial colonization 
on intestinal development in broiler chickens and to differentiate indirect effects of MOS 
mediated by changes in microbial composition versus direct effects observed in birds that lack a 
complex microbiota. 
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2.0 LITERATURE REVIEW         
 
2.1 Overview of the physiology of the avian intestine.  
The digestive system extracts nutrients and energy by processing the food which is 
ingested.  Most of the adaptations of the digestive system found in different species have a close 
relationship with their dietary habits or environment (Stevens and Hume, 2004). The digestive 
system of birds differs notably from that of mammals and may be adaptations for lightening the 
body for flight. Major adaptations of the avian digestive system include a reduced buccal 
apparatus and the presence of unique structures such as the crop and gizzard (Dukes et al., 1993). 
The crop is specialized to temporarily store the food in transit to the lower alimentary tract and 
gizzard is modified to process unmasticated food and is considered as the functional analog of 
mammalian molars (Feduccia, 2011).  
The avian small intestine possesses three anatomical divisions, the duodenum, jejunum 
and ileum, and is visibly similar to that of mammals. It has been reported that birds have 
significantly shorter small intestinal lengths and lower small intestine nominal surface area (the 
area over which nutrients are digested and absorbed) than nonflying mammals (Caviedes-Vidal 
et al., 2007). A reduction of intestinal volume and digesta mass may be an adaptation for 
lowering the energy cost of flight. The large intestine of birds comprises paired ceca and the 
rectum, of which the latter is relatively short and straight (Stevens and Hume, 2004).The 
physiology of chicken intestine plays a crucial role in digestion and absorption of nutrients, 
which of course are critical to support whole body metabolism. Chemical digestion and 
absorption of nutrients are primarily done in the small intestine. Also, the intestinal tract is 
responsible for a high proportion of protein turnover and energy utilization (Mcbride and Kelly, 
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1990). Fiber digestion by micro-organisms and absorption of the resulting volatile fatty acids 
primarily occurs in the paired ceca. The gastrointestinal tract is the most metabolically intense 
organ in the vertebrate body (Stevens and Hume, 2004).  
The nature of the intestine is such that it represents the largest body surface area exposed 
to the external environment. Thus a second critical function of the gastrointestinal tract is acting 
as a physical, chemical and cellular barrier to enteric pathogens and toxins while providing a 
residence for the replication of commensal microbiota. This defence mechanism employed along 
the mucosal surfaces is essential to protect the host against enteric infections as well as to elicit 
tolerance to the presence of nutrient molecules. As such, the fine balance between tolerance and 
response acts directly or indirectly on digestion and absorption functions and consequently 
affects overall health of the bird.  
 
2.1.1 Morphology and histology of the avian small intestine 
The pattern of intestinal development and final structures within the mucosa has been 
observed to be different in poultry than in some mammalian species (Smith and Peacock, 1989). 
In birds, the initial development of GIT occurs during the incubation period (Romanoff, 1960). 
The rapid morphological and functional development in the GIT at the immediate post-hatch 
period (Uni et al., 1999) is influenced by the transition of nutrient source from lipid-rich yolk to 
exogenous feed (Moran, 1985) rich in carbohydrates and proteins (Sklan, 2001). During the first 
few days of post-hatch, the yolk sac plays an essential role in the gastro intestinal development, 
but it is exhausted within 4-14 days post-hatch (Murakami et al., 1988; Ferrer et al., 1995; 
Nitsan et al., 1991). The yolk sac represents 8% of body weight at hatch but declines to <1% by 
day 7 (Iji et al., 2001a). Research studies on intestinal growth have confirmed that the weight of 
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the small intestine increases more rapidly than body weight during the first week of life 
(Katanbaf et al., 1988; Sell et al., 1991; Sklan, 2001) and decreases in relationship to body 
weight by day 10 (Sell et al., 1991; Pinchasov and Noy, 1994).  
The small intestine is anatomically subdivided to duodenum, jejunum and ileum. The 
duodenum is extended from the gizzard outlet to the pancreatic loop forming a narrow loop with 
the descending and ascending parts of the loop sandwiching the pancreas.  In chickens, the 
ascending part of the duodenum receives digestive enzymes and bicarbonate from three 
pancreatic ducts (Baumel, 1993). Two bile ducts namely, the hepatoenteric duct and 
cysticoenteric duct carry bile from liver and gall bladder to the ascending limb of the 
duodenum, respectively. The jejunum is the longest segment of the small intestine extending 
from the end of the duodenum (pancreatic loop) to the Meckel’s diverticulum. The chicken 
ileum is a short intestinal segment extending from Merckel’s diverticulum to the cecal junction.  
The intestinal wall is composed of four layers including the inner tunica mucosa, the 
tunica submucosa, the tunica muscularis and the outer tunica serosa. The tunica mucosa 
includes three sub layers, the inner epithelium, the middle lamina propria (LP) and outer 
muscularis mucosae. The mucosal projections can be either folds or villi depending on the 
species of bird. Mucosal folds are not formed in chicken (Gabella, 1985) but villi are present 
(Denbow, 2000). The villi are taller, more slender and more numerous than that of mammals. 
Also they do not possess lacteals but a well-defined network of blood capillaries is recognized 
(Dukes et al., 1993). The villus surface is covered with simple columnar epithelium composed 
of absorptive enterocytes, goblet cells and endocrine cells (Gussekloo, 2006; Kalita and Singh, 
2014). Microvilli are the cylindrical protrusions of the luminal surface of individual enterocytes, 
which appear as a fuzzy striated border in light microscope.  
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It has been reported that there is dramatic changes in villus size and volume after 
hatching (Overton and Shoup, 1964; Uni et al., 1995; Uni et al., 1998a).Villus growth is almost 
complete by day 7 in duodenum. But the development continues beyond 14 days of age in 
jejunum and ileum (Uni et al., 1999). Increased villi number and size contributes to greater 
absorptive area per unit of intestine (Uni, 2006).   
Intestinal glands or crypts of Lieberkuhn are tubular structures located at the bases of the 
villi. These crypts are populated with epithelial stem cells (which differentiate, proliferate and 
migrate to populate the villi and crypt base), goblet cells, endocrine cells and lymphocytes. 
Geyra et al. (2001b) reported that crypts were rudimentary in chicks at hatch and the numbers 
were increased by branching and fission until the number of the crypt per villus reached a 
plateau after 72 h post-hatch. When the chicks are two weeks of age, each villus is surrounded 
by three to four crypts (Uni, 2006). 
 In birds, the muscularis mucosa and LP are poorly developed (Denbow, 2000). Further, 
the submucosa of chicken is devoid of glands (Dukes et al., 1993). The gut associated lymphatic 
tissue (GALT) (Lillehoj and Trout, 1996) is a major component of  mucosa associated lymphoid 
tissue (MALT) and mature during the first 2 weeks post-hatch in birds (Bar-Shira et al., 
2003).The GALT in chicken consists of both organized lymphoid structures such as the bursa of 
Fabricius, cecal tonsils (CT), Peyer’s patches (PP), Meckel’s diverticulum and more diffusely 
scattered lymphocytes along the intraepithelium and LP (Burns and Maxwell, 1986; Lillehoj 
and Trout, 1996; Fasano and Shea-Donohue, 2005; Vaughn et al., 2006). Peyer’s patches (PP) 
are large aggregates of lymphatic nodules located in the LP and submucosa of the chicken 
intestine (Casteleyn et al., 2010). They are very similar to the mammalian Peyer’s patches 
(Befus et al., 1980).The primary and secondary lymphoid follicles of PP are mainly composed 
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of B lymphocytes and interfollicular regions are rich in T lymphocytes (Befus et al., 1980; 
Burns and Maxwell, 1986). Lamina propria is populated with fibroblasts, endothelial cells, 
lymphocytes, macrophages and IgA-secreting plasma cells.The chicken intestinal musculature 
is composed of four layers, (outer longitudinal, outer circular, inner circular and inner 
longitudinal), which are directly opposed to one another (Gabella, 1985). This is noticeably 
different than that of mammalian intestinal musculature which composed of only outer 
longitudinal layer and the inner circular layer. 
 
2.1.2 Mucosal repair, restitution and apoptosis  
Cell turnover refers to the total process of continual cell renewal including proliferation, 
migration and extrusion. The small intestine is the organ with the fastest cell turnover in the 
body. The mucosal lining of the intestinal tract consists of a rapidly proliferating and persistently 
renewing sheet of epithelial cells. In poultry, small intestinal enterocytes are non-polar, round 
cells at hatch and they increase in length with a defined brush border (microvilli) and distinct 
polarity from 24-48 h post-hatch (Uni, 2006). In mammals, it is generally believed that the cell 
mitosis is restricted to the stem cell zone located in the intestinal crypt (Cheng and Leblond, 
1974; Quaroni, 1985a; Quaroni, 1985b). In contrast, Uni et al. (1998b) reported that cell 
proliferation occurs in both the crypt and along the entire length of the villus of the chicken small 
intestinal epithelium. Undifferentiated stem cells migrate along the crypt-villous axis, where they 
eventually lose their capacity to divide and differentiate into crypt or villous cells according to 
their functional specification along the crypt - villous vertical axis (i.e. absorptive enterocytes, 
mucus secreting Goblet cells and regulatory enteroendocrine cells). Finally, these epithelial cells 
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further migrate upward to the apex of the villi where they are exfoliated into the intestinal lumen 
after the induction of cell death (Mammen and Matthews, 2003; Traber et al., 1991). 
A severe stress stimulus or a stimulus which persists for a prolonged period results in an 
irreversible injury in enterocytes. Cell death is the ultimate result of an irreversible cell injury.  
The process of cell death was identified in two main pathways namely, necrosis and apoptosis. 
Necrosis is always pathologic and it occurs when the cell is exposed to abnormal stresses such as 
ischemia and chemical injury. If there is severe damage to the membrane, then lysosomal 
enzymes enter the cytoplasm and digest the cell. The sequential biochemical and morphological 
changes in the cell ultimately result in cellular contents leaking out and necrosis. Apoptosis is a 
genetically controlled, tightly regulated intracellular suicide program occurring in a sequential 
manner without any accompanying inflammation in the tissues. Apoptosis is not always 
associated with cell injury as it serves many normal functions. Apoptosis inducing stimuli are 
recognized as a lack of growth or survival factors, lack of oxygen, physical and chemical injury, 
metabolic defects and binding of cell surface death receptors to special ligands (Ramachandran 
et al., 2000). In apoptosis, these stimuli directly damage DNA without causing complete loss of 
membrane integrity and dead cells are rapidly cleared by phagocytosis. Therefore, apoptosis does 
not induce an inflammatory response. However, the ultimate result of either apoptosis or necrosis 
is dependent on the intensity and duration of certain stimuli, the rapidity of the death process in 
the cell and derangement of the biochemical reactions in the injured cell (Abbas et al., 2005).  
Intestinal epithelium repairs daily due to the mechanical damages caused by intestinal 
motility and physiologic trauma. The disruption is more extensive in the event of infection or by 
chemical or ischemic mucosal stress. Severe damage to intestinal integrity may facilitate 
systemic penetration of toxins, immunogens and factors causing generalized inflammatory 
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response and remote organ pathology (Mammen and Matthews, 2003). Therefore multiple 
mechanisms are involved in mucosal repair to protect the epithelial continuity in newly hatch 
chicks, once they are exposed to external stimuli including feed and microbes. 
The process of intestinal mucosal repair is composed of restitution, proliferation, 
maturation, and differentiation of enterocytes. Intestinal epithelial restitution begins immediately 
after injury and the process of resealing the superficial wound results as a consequence of cell 
migration to the defective area, without the need of epithelial cell proliferation. During the 
process of restitution, epithelial cells which border the zone of injury are depolarized and 
dedifferentiated. Cells are flattened to make the morphologically distinct squamoid appearance 
and they begin to spread by extending pseudopod like structures called lammelipodia. Finally 
epithelial cells are re-differentiated and repolarized.  The epithelial barrier function is restored by 
reestablishment of junctional complexes mainly tight junctions between intestinal cells (Lacy, 
1988; Nusrat et al., 1992; Dignass, 2001; Mammen and Matthews, 2003). This whole process is 
termed epithelial restitution, which has been identified as the first step involved in the 
mechanism of mucosal repair of superficial injury in all regions of the intestinal tract (Mammen 
and Matthews, 2003). When restitution is completed, cell proliferation and migration are 
stimulated to restore the mucosal architecture and undifferentiated epithelial cells undergo 
maturation and differentiation to restore normal intestinal functions.  
Villus height and crypt depth are the histological parameters commonly used to reflect 
cell proliferation in intestinal mucosa. It was reported that the longer villi are correlated with 
activation of cell mitosis (Samanya and Yamauchi, 2002) and it could also be a compensatory 
response to reduced nutrient availability (Dilworth et al., 2012). Increased crypt depth also 
indicates increased mitotic activity within the intestinal crypts that result in increased precursor 
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cells available to replace the villi cells (Fawcett and Jensh, 2002), suggesting increased mucosal 
turnover (Yason et al., 1987). However, it is suggested that an increased villus height/crypt depth 
ratio has been associated with increased digestion and absorption capacity in the small intestine 
(Pluske et al., 1996; Dilworth et al., 2012).  
Proliferating cell nuclear antigen (PCNA) is a well-conserved cell cycle marker protein 
which is associated with DNA replication, DNA repair and cell cycle control (Strzalka and 
Ziemienowicz, 2011; Ivanov et al., 2006). Thus the PCNA positivity/abundance in intestinal 
tissues also considered as an indicator of cell proliferation (Huang et al., 2002; Wang et al., 
2003; Willing and Van Kessel, 2007). 
It has been reported that the rate of cell migration and proliferation, which is high in 
newly hatched chicks (Iji et al., 2001a), decreases rapidly when the rate of enterocyte maturation 
increases (Noy et al., 2001). Further, in chicks, the rapid growth of intestinal mucosa is also 
accomplished by an initial increased rate of enterocyte migration (Iji et al., 2001a). The 
migration of enterocytes from crypt to villus tip takes approximately 72 h in a 4-d-old chick 
while it slows to 96 h in older birds (Uni et al., 2000). The cells which migrate slowly from the 
synthesis zone are more mature and functionally advanced than the cells which migrate rapidly 
(Wild and Murray, 1992) .The increased rate of cell migration in newly hatched chicks is 
associated with a shorter life-span for intestinal cells as well as the greater requirement for cell 
replacement. These processes may occur as a consequence of exposure to dietary components 
and microbes (Pluske et al., 1997) and this eventually increases the nutrient demand for the 
intestinal mucosa maintenance.  
It has been described that the intestinal epithelium of conventionally-raised animals 
undergoes physiological inflammation in response to microbial and dietary antigens normally 
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present. Further, Rolls et al. (1978) reported that the intestinal microbiota in conventional chicks 
stimulated greater mitotic activity, faster migration and a rapid turnover of epithelial cells than 
their germ-free counterparts. 
The process of intestinal mucosal repair is tightly regulated. A feedback loop between 
villus tip and crypt has been postulated to regulate the rate of cell loss at the villus tip and the cell 
production at the base of the crypt (Ramachandran et al., 2000; Watson and Pritchard, 2000), 
although, the nature of this regulation is not well delineated. Lynch et al. (1986) suggested the 
normal tissue mass is regulated by the presence of a growth factor and a death factor which 
regulate mitosis and apoptosis, respectively. Intestinal epithelial renewal is regulated by multiple 
peptide and non-peptide factors produced by different cell types such as neutrophils, 
macrophages, myoepithelial cells, platelets (Dignass, 2001). 
Apoptosis follows multiple mechanically distinct pathways in intestinal epithelia 
dependant on the physical position of the intestinal cell along the crypt villous axis, the level of 
cell differentiation and the stimulation type involved (Watson and Pritchard, 2000). 
Physiological occurrence and the anatomical location of apoptosis in the gastro intestinal tract 
are controversial. Some scientists have revealed that apoptosis may participate in the extrusion 
process at the villus tip and the apoptotic morphology is only seen once the shed cells are free in 
the lumen (Shibahara et al., 1995; Mayhew et al., 1999; Watson and Pritchard, 2000). Since most 
of the important signal transduction events in apoptosis take place in morphologically normal 
intestinal cells, it is difficult to interpret the exact position where the process of apoptosis begins 
along the crypt villus axis (Watson and Pritchard, 2000). Studies on chicken intestinal epithelium 
have suggested apoptotic cells were exfoliated from villus tip and the process may be mediated 
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by lymphocytes (Takeuchi et al., 1999). Increased villus length in the intestine could be a result 
of inhibition of apoptosis at the villus tip and increased proliferation in the crypt.  
Caspases are cysteine-containing aspartate-specific proteases which activate during the 
execution phase of apoptosis. These enzymes have multiple cellular targets resulting in 
degradation of cellular components and activation of particular endonucleases that cleave nuclear 
DNA and nuclear and cytoplasmic proteins (Ramachandran et al., 2000).  The cells destined to 
die lose the interaction with neighbour cells and become a target for phagocytosis especially by 
macrophages. Caspase-3, the principal effector enzyme in the apoptotic cascade is activated at 
the intestinal villus tip (Piguet et al., 1999). 
 
2.1.3 Development of brush border enzymes 
The intestinal brush border membrane is composed of a surface microvillus membrane 
and the underlying BB cytoskeleton. The luminal face of the microvilli membrane forms a 
carbohydrate-rich 'fuzzy coat' or glycocalyx and a part of it consists of relatively large 
glycoproteins (70-320 kDa) with specific BB enzyme activities (Holmes and Lobley, 1989). 
These BB border enzymes are composed of two or more subunits with a small anchoring 
segment (2-5 kDa) which attach these globular structures to the external face of the membrane 
(Semenza, 1986). Most of the BB enzymes which were studied (i.e. sucrase-isomaltase, 
aminopeptidase N (APN), dipeptidyl aminopeptidase IV (DPP IV), gamma -glutamyl 
transferase, are anchored to the membrane by an N-terminal hydrophobic peptide (Semenza, 
1986). But, some BB enzymes have been shown to anchor to the membrane through 
diacylglycerol moiety of a phosphatidylinositol glycan attached covalently to the C-terminal 
sequence (Low et al., 1986; Low, 1987). These type of enzymes are alkaline phosphatase (Low, 
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1987), phosphodiesterase (Nakabayashi and Ikezawa, 1986) and trehalase (Takesue et al., 1986). 
However, the terminal digestion of dietary macromolecules by enzymes located on the BB 
membrane is essential in regulating nutrients available for absorption.  
Starch is a main constituent in poultry feed which also acts as a major energy source in 
broiler chickens. Starch molecules are high molecular weight glucose polymers which cannot be 
absorbed directly requiring enzymatic activity the energy can by absorbed as glucose monomers. 
Pancreatic and intestinal carbohydrases play an important role in the digestion of ingested sugars 
since poultry saliva is deficient in amylase (Low and Zebrowska, 1986). Therefore, in birds, 
pancreatic α-amylase hydrolyzes dietary starch into oligosaccharides (Osman, 1982; Moran, 
1985). The composition and the modes of action of the enzyme are similar to that of mammals 
(Moran, 1985). Glucose oligosaccharides (maltose, maltotriose, α-limit dextrins) and other 
disaccharides (sucrose, trehalose and lactose) are hydrolyzed at the BB border membrane by 
intestinal disaccharidases. These processes generate monosaccharides that are readily absorbable 
by enterocytes. The four groups of enzyme or enzyme complexes which hydrolysis disaccharides 
are; sucrose-isomaltase (also named palatinase), maltase-glucoamylase, lactase-phlorizin 
hydrolase and trehalase (Robayo-Torres et al., 2006). It has been reported that the jejunum and 
ileum are the major sites of disaccharidase activity (Iji et al., 2001b). Moreover, it was found that 
the disaccharidases in the small intestine of chicken are exclusively produced by the host, but 
lactase in the large intestine is probably of cecal bacterial origin (Siddons and Coates, 1972). 
Apart from its function in nutrient digestion, intestinal enzymes may also participate in nutrient 
transport, signal reception into cells and controlling cell growth and differentiation (Kenny, 
1986). 
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The development of disaccharidase activity in the small intestine of poultry is identified 
as early as embryonic stage. A very slight sucrase activity was observed on d 9 of embryonic 
development in leghorn chickens (Brown and Moog, 1967) and the activity of maltase was 
identified to increase from d 13 to d 21 of embryonic development (Karrer and Parsons, 1968) . 
The necessary disaccharidases are present in the intestine during the period of transition from 
yolk feeding to solid food post-hatch. Studies using Light Sussex × Rhode Island Red chickens 
have revealed that sucrase and maltase activity continued to increase up to d 43 after hatch 
(Siddons, 1969; Dautlick and Strittma, 1970). However, information on changes in intestinal 
disaccharidase activity during embryonic development and post-hatch in broiler chickens are 
sparse (Mahagna and Nir, 1996; Uni et al., 1998a). Lactase and trehalase activities are found 
only in traces in chickens (Siddons, 1969; Dautlick and Strittma, 1970; Chotinsky et al., 2001). 
Studies in broiler chickens by Uni et al. (1998a) revealed that sucrase and maltase activities in 
jejeunal homogenates were high on d 1 and d 2 post-hatch but decreased thereafter to d 12. The 
reduced activity of both enzymes from d 7 to d 10 in broiler chickens are more pronounced than 
in egg-type chickens (Mahagna and Nir, 1996).The reason for the gradual decrease of sucrase 
and maltase activities may be explained by the variability of epithelial cell type along the crypt-
villus axis with age (Holt et al., 1985).  However the activity loss per cell or per unit of intestinal 
mucosa may be compensated by the increase in length of the intestine and mucosal surface area 
with age (Iji et al., 2001b). In addition, Siddons and Coates, (1972) reported that the production 
of small intestinal disaccharidases is not directly influenced by GIT microbiota in the chick.   
It has been described that there are eight peptidases in the intestinal BB membrane 
namely, APN, aminopeptidase A,  carboxypeptidase P, DPP IV, endopeptidase-24.11, 
angiotensin converting enzyme (ACE), aminopeptidase P, and gamma -glutamyl transferase (Bai 
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and Amidon, 1992).The protein fragments and polypeptides derived from the actions of gastric 
and pancreatic enzymes are further hydrolyzed to di/tri peptides and amino acids by 
endopeptidases and exopeptidases (Johnson, 2006). Aminopeptidases belong to the 
exopeptidases and are highly expressed at the small intestinal microvilli (Kim and Brophy, 1976; 
Kania et al., 1977; Kenny, 1986) and supply amino acids and peptides (Kim and Brophy, 1976) 
to the enterocytes. These enzymes are anchored to the cell membrane by an N-terminal 
hydrophobic sequence of 20 amino acids (Feracci and Maroux, 1980; Feracci et al., 1982; 
Maroux and Feracci, 1983) and have a very short cytoplasmic domain, thus nearly the entire 
molecule resides on apical surface of enterocytes (Semenza, 1986;Gal-Garber and Uni, 2000). 
Aminopeptidases have been identified and characterized in chicken intestinal tissues (Jamadar et 
al., 2003; Gilbert et al., 2007; Damle et al., 2010; Mane et al., 2010). Aminopeptidase N (APN) 
cleaves neutral and basic amino acids from the N-terminal end of peptides (Sanderink et al., 
1988) and higher expression and activity of APN was observed in the ileum compared with the 
duodenum and jejunum of the chicken (Gal-Garber and Uni, 2000; Gilbert et al., 2007). The 
study of intestinal APN in broiler chicken is important since their rapid growth is partially 
depending on dietary amino acids. Sihn et al. (2006) reported that APN expression could be 
observed as early as 6 d of incubation in the chick’s small intestine. However, the expression and 
activity of disaccharidases and peptidases are connected with the capacity of nutrient digestion 
and absorption in intestinal epithelium (Moreno et al., 1995).  
2.1.4 Overview of intestinal nutrient transport mechanisms 
Nutrients are absorbed by enterocytes from the intestinal lumen by active and passive 
transport mechanisms. Membrane-anchored transporters are responsible for most of the active 
transport across the BB membrane.  
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Proteins are digested by proteases and peptidases at the BB membrane and resulting 
peptides and free amino acids serve primarily as building blocks for structural and metabolic 
proteins.  Numerous studies have revealed that peptides are absorbed faster and more efficiently 
than free amino acids in the small intestine (Daniel, 2004). The enterocyte apical membrane 
consists of an electrogenic proton peptide symporter designated as H+ -dependent peptide 
transporter 1, PepT1 which has ability to uptake every possible di- and tripeptide released from 
breakdown of dietary proteins (Daniel, 2004). PepT1 may also have therapeutic importance in 
transporting peptide-like drugs (‘peptidomimetics’) such as β-lactam antibiotics, ACE, and anti-
viral, and anti-cancer agents (Boyd and Meredith, 2006). 
 PepT1 has been cloned and characterized in different animal species including the 
chicken (Chen et al., 2002). The chicken PepT1 (cPepT1) is made up of 714 amino acids with 
79.3 kDa total molecular weight (Chen et al., 2002). The cPepT1 exhibits several characteristics 
similar to mammalian PepT1 including 12 transmembrane domains with a large extracellular 
loop between transmembrane domains 9 and 10 (Chen et al., 2002). The binding affinity and 
transport efficiency of PepT1 depend on the substrate size, charge, hydrophobicity, amino and 
carboxy termini modifications, side chain flexibility, presence of proline and stereospecificity 
(Amasheh et al., 1997). Di or tri peptides and other substrates of PepT1 are transported by a 
proton-coupled transport mechanism (Fei et al., 1994) dependent on pH gradient and negative 
intracellular membrane potential (Steel et al., 1997). 
The highest PepT1 mRNA expression in chicken is observed in the small intestine with 
low expression in kidney and ceca (Chen et al., 1999; Chen et al., 2002). The intestinal PepT1 
protein expression level may be evidence of maturity of enterocytes since the expression 
decreases from apex to the base of the villus (Ogihara et al., 1999). Further, PepT1 is not 
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expressed in the crypts in mice and rats (Ogihara et al., 1999).  In chickens, PepT1 is 
developmentally regulated. PepT1 mRNA abundance increases 14 to 50 fold from embryonic 
day 16 to day of hatch (Chen et al., 2005).  Several researchers have revealed that diet also has 
an impact on PepT1 gene expression (Erickson et al., 1995; Shiraga et al., 1999;Chen et al., 
2005).  In support, Shiraga et al. (1999) and Walker et al. (1998) showed that the intestinal 
PepT1 mRNA expression levels were up-regulated with the increased levels of dietary peptides.  
Free amino acids (neutral, cationic, and anionic) are transported into the enterocytes via 
brush border amino acid transporters, which have varying substrate specificities (Kanai and 
Hediger, 2004; Palacin and Kanai, 2004; Verrey et al., 2004), but most of the time the 
specificities are overlapped (Palacin and Kanai, 2004). In addition, EAAT3 is considered a Na+-
dependent amino acid exchanger on the apical membrane with a high affinity for anionic amino 
acids (Kanai and Hediger, 2004). Amino acid transporters have been reported in chick intestines 
from the late embryonic to early post hatch stages (Gilbert et al., 2007; Gilbert et al., 2008; Li et 
al., 2008). Further, the ileum has been reported as an important site for the assimilation of free 
amino acid in the growing chicks (Gilbert et al., 2007). 
Glucose is the major monosaccharide available from the diets of farm animals and it is 
the primary energy source assimilated into the enterocytes by sodium-dependent glucose 
transporter 1 (SGLT1) (Hediger and Rhoads, 1994;Ferraris, 2001; Sklan et al., 2003;Wright and 
Turk, 2004). SGLT1 is composed of 14 transmembrane domains, and has a predicted weight is 
approximately 73 kD (Wright and Turk, 2004). This nutrient transporter is highly expressed in 
the small intestinal BB membrane (Hediger and Rhoads, 1994; Wright and Turk, 2004). It has 
been reported that SGLT1 protein present in several species including the chicken (Gal-Garber 
and Uni, 2000; Gal-Garber et al., 2000). Studies on cellular distribution of SGLT1 in chickens 
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revealed that the specific nutrient transporter is expressed throughout the length of the villus, but 
similar to Pept1, not in the crypts of enterocytes (Barfull et al., 2002). However, studying the 
expression of intestinal SGLT1 is essential as it is the only known intestinal glucose transporter 
in chickens (Wright and Turk, 2004) and glucose plays a significant role in overall energy 
homeostasis. 
SGLT 1 co-transports one moleculae of Na+ and one molecule of glucose into enterocytes 
(Hediger and Rhoads, 1994; Wright and Turk, 2004). A transepithelial osmotic gradient is 
generated for Na+ by transportation of Na+ from cytosol into the extracellular fluid by Na+ /K+ 
ATPase at the basolateral membrane of enterocytes. Glucose absorption also facilitates 
paracellular fluid absorption across the BB membrane. The glucose transported to the cytosol by 
SGLT1 leaves the cell at the basolateral surface via facilitated transport through glucose 
transporter 2 (GLUT2). This contributes to an osmotic gradient between the paracellular space 
and the intestinal lumen driving paracellular water absorption (Wright and Loo, 2000; Wright 
and Turk, 2004). The expression of SGLT1 in the chicken is regulated by different factors 
including dietary composition (Gilbert et al., 2008; Liu et al., 2008a) and intestinal development 
stage (Uni et al., 2003;Gilbert et al., 2007). It has been found that elevated dietary sugar 
concentrations increase SGLT expression (Miyamoto et al., 1993). 
2.2 Intestinal Immunology and inflammation 
The intestinal epithem represents an extensive surface area which mediates a critical 
interface between the animal host and a wide variety of antigens such as dietary substances, 
microorganisms, and exogenous toxins. Therefore, a mucosal defense mechanism is essential in 
the intestine to prevent penetration of harmful compounds and pathogenic agents while 
permitting the exchange of nutrients between the gut lumen, intestinal epithelium and the 
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systemic circulation.  The gastrointestinal immune defense system in chicken is classically 
broken down into innate and adaptive immunity. The innate immune system provides an 
immediate non- specific response against the invading microorganisms and also sends messages 
to activate T lymphocytes to generate the antigen specific adaptive immune response (Yuan and 
Walker, 2004) .The adaptive immune system takes days to weeks to elicit its maximum response 
by T and B lymphocytes, which results antigen-specific humoral and cellular responses and 
immunologic memory ( Yuan and Walker, 2004; Rakoff-Nahoum and Bousvaros, 2010). 
The immune system plays an important role in commercial birds reared in intensive 
conditions due to their vulnerability to rapid spread of infectious agents and disease outbreaks 
(Sharma, 2003). If pathogens enter to intestinal tissues, the initial response is an inflammatory 
response, which results in behavioral, immunologic, vascular and metabolic responses in the host 
(Korver and Klasing, 2004). The energy expenditure for the immune activation to the GI 
antigens may negatively impact feed efficiency and divert nutrients away from animal 
production (Collett, 2004; Korver, 2006). However, these responses ultimately result in loss of 
skeletal muscle, decreased appetite, reduced growth rate, morbidity and in some situations 
mortality (Korver and Klasing, 2004).  
  . 
2.2.1 Barrier function and innate immunity 
Intestinal barrier function is described as the maintenance of host integrity by effective 
monitoring of the mucosal surface to prevent the access or penetration of potential harmful 
agents such as microorganisms, toxins and antigens to the underlying tissues (Grootjans et al., 
2010). A continuous monolayer of epithelial cells in the intestinal mucosa serves as a selective 
physical barrier, separating the contents of luminal environment from the layers of tissue 
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comprising the interior milieu (Gordon, 1989; Gasbarrini and Montalto, 1999). The epithelial 
cells are joined firmly together by tight junctions (Madara et al., 1990; Fasano and Shea-
Donohue, 2005). Further, these highly regulated gates respond to the activities in the lumen and 
to the signals and messages from LP and the epithelium itself (Perdue, 1999).  In addition, 
intestinal epithelial cells (IEC) secrete a variety of compounds that participate in the innate 
immune defense such as mucins, antimicrobial peptides and cytokines. Mucins are synthesized 
and secreted by Goblet cells through baseline secretion and active exocytosis (Perez-Vilar and 
Hill, 1999), and act as a physical barrier against bacterial translocation. Also, mucins play an 
important role in epithelial growth and repair (Perdue, 1999). 
Antimicrobial peptides (AMPs) are an important component of the innate immune system 
and are divided into two main families, defensins and cathelicidins (Ganz, 2003). It has been 
reported that the tissues of chicken express both defensins (Sugiarto and Yu, 2004; Wehkamp et 
al., 2004; Bar-Shira and Friedman, 2006; van Dijk et al., 2007) and the cathelicidins (Lynn et al., 
2004; van Dijk et al., 2005; Xiao et al., 2006; Goitsuka et al., 2007) as in mammals.  
Defensins are cysteine -rich cationic peptides which constitute an integral component of 
the innate immune system. In mammals, two main classes of defensins are distinguished 
according to the positions of their disulfide bonds. They are alpha-defensins and beta-defensins 
(Oswald, 2006; Menendez and Finlay, 2007). The α-defensins have only been identified in 
humans, monkeys and rodents, and are expressed in different cell types, including granule-
containing granulocytic leukocytes and intestinal Paneth cells. The epithelial cells lining the 
respiratory, gastrointestinal and urogenital tracts synthesize β-defensins (Fellermann and Stange, 
2001). Further, a third class of defensins named teta-defensins, which is composed of a different 
disulfide motif, has been identified only in rhesus monkeys (Tang et al., 1999; Ganz, 2003). 
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Defensins possess a broad range of antimicrobial activity against Gram-positive and Gram-
negative bacteria, protozoans, fungi and some enveloped viruses (Ganz, 2003). Although the 
actual mechanism of antimicrobial activity is not clear, many researchers have proposed that the 
dimer formed by binding of cationic sites of the β defensins to the negatively charged bacterial 
membrane may alter transmembrane potential and membrane permeability, which leads to cell 
death (Evans and Harmon, 1995; Sugiarto and Yu, 2004; Oswald, 2006; Achanta et al., 2012). 
Thus they play a crucial role in host defense and disease resistance. It has been reported that they 
enhance phagocytosis, neutrophil recruitment, production of pro-inflammatory cytokines, 
suppress anti-inflammatory mediators and regulate complement activation. Also they can be 
chemokines and adjuvants (Yang et al., 2002). 
Beta-defensins are the only defensins expressed in avian species (Lynn et al., 2007). As 
Paneth cells appear to be scarce in birds (Bezuidenhout and Vanaswegen, 1990), macrophages, 
epithelial cells and heterophils have been shown to be the main source of avian defensins 
(Brockus et al., 1998; Harmon, 1998; Bar-Shira and Friedman, 2005). Beta-defensins in chickens 
are also called gallinacins. A total of 14 different β defensins were identified in chicken genome 
and these genes are designated as avian beta-defensin (AvBD) 1-14 (Lynn et al., 2007). A study 
on the immune protection in the digestive tract during the first week of life in chicken reveals 
that there is elevated expression of β defensin mRNAs at the day of hatch throughout the 
intestine and it is subsequently decreased during the first week of post-hatch (Bar-Shira and  
Friedman, 2006). Infection with bacteria or their components has been shown to induce the 
expression of AvBD genes in chickens (Yoshimura et al., 2006; Milona et al., 2007; Subedi et 
al., 2007). Further, it has been reported that the reaction of AvBD to bacterial membrane 
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components leads the production of proinflammatory cytokines such as interleukin-1β, 
interleukin-6 and tumor necrosis factor alpha (Hasenstein et al., 2006).  
The intestinal epithelial lining is highly populated by intraepithelial leukocytes including 
natural killer (NK) cells. NK cells have been described as large granular lymphocytes, with both 
cytotoxicity and cytokine-producing effector functions (Trinchieri, 1989).Thus, they play an 
important role in first line of defense against invasive pathogens in the intestinal tissue (Lodoen 
and Lanier, 2006). In chicken, NK cells are abundant in intestinal epithelium, but are less 
detectable in peripheral blood lymphocytes and spleen (Goebel et al., 2001). Also, it has been 
reported that NK cell expression in chickens was minimal in chicks during the first few weeks 
after hatching but increased as the birds became older (Sharma and Coulson, 1979). 
Cytokines are small peptide molecules, which are produced by immune cells 
(lymphocytes, macrophages, dendritic cells etc.) as well as by IEC. The production of cytokines 
is stimulated by invasion of enteropathogens or by simply binding of microbes to epithelial cells. 
Some cytokines which are constitutively expressed by the intestinal epithelial cells, such as TGF-
α, IL-1,IL-10, IL-15, and IL-18 play a role in the basal influx of immune cells into the intestinal 
mucosa, epithelial cell growth and in homeostasis (Stadnyk, 2002). Further, the normal intestinal 
epithelial cells express some other cytokines such as IL-1α or β, IL-6, IL-8, and TNF-α, MCP-1, 
CCL20, and GM-CSF and are markedly up-regulated in response to microbial infection (Jung et 
al., 1995; Stadnyk, 2002). These cytokines induce physical changes in the host animal clinically 
characterised by fever, anorexia, negative nitrogen balance and catabolism of muscle cells (Kraft 
et al., 1992; Ingenbleek and Young, 1994; Van Miert, 1995; Langhans, 1996). Further, the 
cytokines travel through the blood to the liver where they trigger hepatocytes to synthesize and 
secrete acute phase proteins.The interaction of microbes with the epithelial cell apical membrane 
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may result in phosphorylation of critical enzymes (myosin light-chain kinase, protein kinase C) 
and rearrangements of F-actin and associated proteins. This increases the permeability of tight 
junctions (Yuhan et al., 1997; Philpott et al., 1998). Further, it is documented that the cytokines 
increase intestinal epithelial permeability and thus, alter its barrier properties (McKay and Baird, 
1999; Perdue, 1999).   
The gut associated lymphatic tissue provides safe passage of paracellular macromolecules 
while preventing harmful antigens from entering the systemic circulation and inducing systemic 
tolerance (Fasano and Shea-Donohue, 2005). It provides the first line of defense against 
bacterial, viral and parasitic antigens introduced via GIT (Rothwell et al., 1995; Lillehoj and 
Trout, 1996; Mast and Goddeeris, 1999; Muir et al., 2000). The studies by Lillehoj and Chung 
(1992), Van Immerseel et al. (2002) and Bar-Shira et al. (2003) revealed that there was an 
infiltration of granulocyte and T-lymphocyte to cecal lamina propria in 7d old chicks. Further, 
some gnotobiotic studies revealed delayed immune cell development in the lamina propria in 
germ-free birds compared with conventionally reared animals (Umesaki et al., 1993; Rothkotter 
et al., 1994; Umesaki et al., 1999; Gaskins, 2003). Innate immune response is very significant in 
young chicks since the acquired immune system is not fully developed until they are one week 
old (Bar-Shira et al., 2003). Pattern recognition receptors (PRRs) are transmembrane or 
intracytoplasmic receptors which have an ability to bind specific microbial ligands designated 
pathogen-associated molecular patterns (PAMPs) (Werling and Coffey, 2007; Meade et al., 
2009; Santaolalla and Abreu, 2012). There are four distinct classes of PRR families have been 
identified including, transmembrane proteins such as the Toll-like receptors (TLRs) and C-type 
lectin receptors (CLRs) such as the mannose receptors (MRs), cytoplasmic proteins such as the 
Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs). 
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These PRRs sense the presence of distinct microbial ligands such as lipopolysaccharides (LPS), 
peptidoglycans, flagellin, bacterial DNA; viral double stranded RNA and probably the 
compounds in the cell wall of yeasts.  
The most studied PRRs are TLRs that are type I  transmembrane glycoproteins consisting 
of an extracellular N-terminal domain which has leucin-rich repeats (LRR) and one or two 
cysteine-rich regions, a transmembrane domain and a conserved intracellular Toll/interleukin-1 
receptor (TIR) domain (Collier-Hyams and Neish, 2005; MacDonald and Monteleone, 2005; 
Cario, 2008; Brownlie and Allan, 2011). A series of studies has demonstrated that intestinal 
epithelial Toll-like receptors (TLRs) elicit an immune response to maintain barrier function 
(Cario, 2008). Different types of TLRs have been described in mammals and birds (Rock et al., 
1998; Luo and Zheng, 2000) and according to the literature, a wide class of macromolecules acts 
as TLR ligands including proteins, lipids, and nucleic acids, such as lipopolysaccharide (LPS), 
lipoteichoic acids, lipoproteins, peptidoglycans, zymosan, flagellin, dsRNA, and unmethylated 
CpG (Aderem and Ulevitch, 2000; Aderem, 2001). Therefore, TLRs are important in 
identification and discrimination of distinct microbial components (Akira et al., 2006). For 
example,TLR2 has been shown to signal the presence of lipopeptides from Gram positive 
bacteria or molecules on the bacterial and yeast cell wall, whereas TLR4 is the predominant 
receptor for LPS from Gram-negative organisms (de Paiva et al., 2011). These TLR2 and TLR4 
have been the most extensively studied TLRs to date. The LRR domain recognizes PAMPs and 
activates signal-transducing proteins that initiate a cascade of signals (Akira and Takeda, 2004). 
It is speculated that PRR-induced signal transduction pathways result in the synthesis of a broad 
range of molecules, including cytokines and chemokines (Akira et al., 2006). 
28 
 
Two predominant intracellular TLR pathways have been identified in the TLR signaling 
cascade, namely, the MyD88-dependent and the TRIF-dependent pathway (MyD88-independent 
pathway). The MyD88-dependent pathway uses the adapter molecule MyD88 and leads to early 
activation of NF-kB which leads to the transcription of proinflammatory genes, such as IL-1, 
TNF-α, IL-6 and IL-8 (Yuan and Walker, 2004; Collier-Hyams and Neish, 2005; Turin and Riva, 
2008) from monocytes, macrophages, and dendritic and endothelial cells (Aderem and Ulevitch, 
2000; Kadowaki et al., 2001; Medzhitov, 2001). The latter pathway signals through Toll-IL-1R 
domain-containing adaptor-inducing IFN-β and produce cytokines such as IFN-β (Yamamoto et 
al., 2002; Oshiumi et al., 2003). Also, this pathway may activate through NF-kB in a delayed 
fashion and leads to the production of TNF and other inflammatory cytokines (Covert et al., 
2005). All the TLRs, except TLR3 and TLR4, signal exclusively through the MyD88-dependent 
pathway. TLR4 activates both pathways while TLR3 identifies viral dsRNA and induces 
inflammatory cytokines such as TNF and IL-6 exclusively through the MyD88-independent 
pathway (Kawai et al., 1999; Hoebe et al., 2003). However, cytokines produced by both 
pathways, trigger secondary pathways which alarm the host about the invading pathogens and 
lead to the immune activation (Zhong et al., 2006).  
There are ten TLR genes (TLR1A, 1B, 2A, 2B, 3, 4, 5, 7, 15, and 21) that have been 
identified in chickens (Boyd et al., 2001;Yilmaz et al., 2005;Temperley et al., 2008; Nguyen et 
al., 2011). TLR2 and TLR4 have been in characterized at the molecular and functional level in 
chicken (Boyd et al., 2001; Fuku et al., 2001; Leveque et al., 2003). In mammals, TLRs have 
been found in apical and basolateral surfaces of enterocytes as well as intracellularly. Apart from 
IECs, other cell types in the intestine, including macrophages, dendritic cells, B cells, T cells and 
stromal cells, can express TLRs (Abreu, 2010). The expression of TLRs by IECs is generally low 
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in the normal intestinal tissues, but it will increase during intestinal inflammation (Cario 
andPodolsky, 2000; Naik et al., 2001; Bogunovic et al., 2007). For example, it has been reported 
that the level of TLR2 and TLR4 expression is low in normal adult colon, but TLR4 found to be 
highly expressed on the apical side of colonic IECs from patients with active Crohn’s disease 
(Cario and Podolsky, 2000). However, cellular localization of TLRs has not been reported on 
chicken intestine. 
 
2.2.2 Mechanisms and consequences of intestinal inflammation 
It is obvious that gastrointestinal tract is susceptible to inflammatory responses due to its 
continuous exposure to antigenic, mitogenic, and toxic stimuli. These stimuli, arising from food, 
the environment and the resident microbiota, contribute to disturbances in immune or epithelial 
homeostasis and lead to gut inflammation. In fact, intestinal mucosa displays a state of 
“physiological inflammation” even under normal conditions. This is evident by profuse 
leukocytes present in the intraepithelial and subepithelial tissues and a basal level of expression 
of pro and anti-inflammatory mediators.  
Inflammation is the most common type of response that occurs in the body as a result of 
the defense mechanism against constant and massive environmental challenges. The outcome of 
intestinal inflammation could be categorized as acute, if there is resolution and return of tissue 
function, or as chronic if there is persistent tissue dysfunction. Inflammatory response, 
irrespective of whether it is acute or chronic; results as a consequence of  the combined action of  
triggers/initiators (e.g. PAMPs or microbial-associated molecular patterns), sensors (e.g. TLRs), 
mediators(e.g., cytokines and chemokines) and effectors (e.g. macrophages, NK cells and 
heterophills) (Sartor, 2002; Rakoff-Nahoum and Bousvaros, 2010; Newton and Dixit, 2012; 
30 
 
Santaolalla and Abreu, 2012).  Invasion of microbial pathogens, leads to a cascade of immune 
responses starting with recognition of PAMPs by pattern recognition receptors (PRRs, e.g. toll-
like receptors). This initiates the activation of immune cells such as; neutrophils, macrophages 
and T helper 1 cells (TH1) in bacterial and fungal infections, eosinophils, mast cells, and T helper 
2 cells (TH2) in parasitic infections, cytotoxic T cells in viral infections (Sartor, 2002;Newton and 
Dixit, 2012). Epithelial cells and antigen presenting cells (APCs) respond to the tissue injury by 
secreting chemokines, cytokines and leukotriens. Antigen-specific immunoglobulins released by 
plasma cells facilitate pathogen clearance. Therefore both innate and adaptive immune 
mechanisms play significant roles to minimize pathogen invasion and tissue damage. All 
compartments of the intestinal tract are susceptible for acute inflammation due to pathogenic 
infections, luminal toxins and ischemia. Acute inflammation lasts hours to days depending on the 
type and severity of tissue damage and the affected tissue responds by vascular dilation, 
endothelial activation and neutrophil activation. The inflammatory process is subsequently 
downregulated and the injury may be healed with resolution and return of tissue function. If 
intestinal tissue shows defective mucosal barrier functions (either congenital or acquired) or 
dysregulated immune responses, the tissue injury further progress to chronic inflammatory state.   
Different groups of inflammatory cytokines are involved in acute and chronic 
inflammation. Interleukin-1( IL-1), TNF-alpha, IL-6, IL-11, and IL-8 are responsible in acute 
inflammation while the cytokines involved in chronic inflammation can be subdivided into 
cytokines mediating humoral responses such as IL-4, IL-5, IL-6, IL-7, and IL-13, and those 
mediating cellular responses such as IL-1, IL-2, IL-3, IL-4, IL-7, IL-9, IL-10, IL-12, interferons, 
transforming growth factor-beta, and tumor necrosis factors alpha and beta. Analysis of gene 
expression data and histo-morphological parameters can be used to determine the inflammatory 
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response of the intestine. A study of newly hatched chicks shows an increased pro-inflammatory 
cytokine, IL-1β and chemokine, IL-8 expression, which in turn reveals the response of gut 
immune system to feed and the commensal bacteria immediately after hatching (Bar-Shira and 
Friedman, 2006). Also, there are several reports on inflammatory responses in the intestinal 
tissues after bacterial challenges in chicken. It has been reported that up-regulation of mRNA 
expression in cytokines and TLRs in chickens infected with H9N2 influenza virus (Nguyen et al., 
2011). Another study by showed the expression of IL-1β , IL-6 and interferon-γ mRNA were 
increased 10 d post- challenge with Salmonella typhimurium infected broiler birds (Fasina et al., 
2008). Further, the changes in innate immune gene expression including TLR2, TLR4, IL6 and 
IL8 were observed in chickens after in vivo challenge with commensal (Campylobacter jejuni) 
and pathogenic (Salmonella enterica) bacteria (Shaughnessy et al., 2008; Shaughnessy et al., 
2009).     
 
2.3 Role of microbiota in the intestinal physiology of avian host 
The microbial community of the intestinal tract is composed of unicellular 
microorganisms such as bacteria, fungi and protozoa (Gabriel et al., 2006). A large number of 
studies have revealed that the digestive flora of birds is different from that of monogastric 
mammals (Smith, 1965; Lei et al., 2012) and the reason for this variance may be due to the 
distinct anatomy and physiology of avian GIT.  In chicken, the dominant bacterial activity is 
found in the crop and ceca and less activity is found in small intestine (Gabriel et al., 2006).  
The gastrointestinal tract of the bird is theoretically sterile and the gut epithelium is 
relatively undifferentiated at the time of hatch prior to invasion by organisms present in the feed, 
water and the surrounding environment. The diversity of the GIT microbial community in the 
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chicken depends on numerous factors including age, breed, specific location in the GIT (e.g. 
small intestine, ileum, cecum), diet and geographic location (Apajalahti et al., 2001; Apajalahti et 
al., 2002; Apajalahti et al., 2004). The establishment of the microbiota is affected by the 
conditions at post-hatch period and the microbial profile becomes more complex and stable as 
chickens age (van der Wielen et al., 2002; Lu et al., 2003; Lan et al., 2005) . 
In poultry, the crop, duodenum and ileum are predominantly colonized by Enterococci 
and Lactobacilli during the first week of life whereas the ceca are mainly colonized by coliforms, 
Enterococci and Lactobacilli (Barnes et al., 1972; Mead and Adams, 1975; van der Wielen et al., 
2000; Snel et al., 2002). After the first week of life, lactobacilli become the majority in the small 
intestine and  Escherichia coli, Clostridium and Bacteroides species reside in high numbers in 
ceca (Lev and Briggs, 1956; Mead and Adams, 1975; Amit-Romach et al., 2004; Dumonceaux et 
al. 2006b). The intestinal microbiota is fully established and stable by 2 to 3 weeks of age in 
broiler chicken (Barnes et al., 1972; van der Wielen et al., 2000; Snel et al., 2002). 
Studies have demonstrated that the diet plays a significant role in the determination of 
microbial ecology of the avian gut (Jensen, 1993; Apajalahti, 2004). So, the chemical 
composition of the digesta favors the growth of specific microbes (Apajalahti et al., 2004). 
Studies on birds fed with different dietary components such as fiber components (Amerah et al., 
2009; Choct et al., 1996) and feed additives such as antibiotics (Dumonceaux et al. 2006b), 
prebiotics, probiotics (Fuller, 1989; Ohimain and Ofongo, 2012) and enzymes (Choct, 2009) 
have been shown to influence gut microbial population and activity. The interaction between the 
dietary composition and gut microorganisms regulates the intestinal development, mucosal 
architecture and mucus composition of the gut (Apajalahti et al., 2004).  
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2.3.1 Effect of microbiota on nutrition and performance in chickens 
Intestinal microbiota play a significant role in nutrition, health, and growth performance 
of the host animal (Barrow, 1992) by regulating gut morphology, nutrition, pathogenesis of 
intestinal diseases and immune related responses. During the early post-hatch period, the 
microorganisms which colonize the gut form a synergistic relationship with their poultry host. 
The digestive flora is found in the gut lumen, submerged in the mucus layer or forming a cell 
layer by adhering to the digestive mucosa (Fuller, 1984). Gastro intestinal microbiota can be 
categorized into two main groups, potential pathogenic organisms and beneficial commensals, 
according to their activity in the gut. However, the composition and activity of gut microbiota, 
may affect either positively or negatively on the health and growth of birds. 
There are several metabolic activities performed by micro-organisms in the chicken GIT. 
Among them some activities are beneficial to the host, such as synthesis of nutrients, uptake or 
modification of nutrients (Maisonnier et al., 2003), production of digestive enzymes and 
detoxification of food constituents or endogenous products. Others are detrimental such as 
production of noxious metabolites and release of toxins. Commensals are normal inhabitants of 
GIT, which may be involved in the provision of nutrients to the host, immune stimulation and 
competitive exclusion of harmful organisms by inhibiting their growth and establishment 
(Jeurissen et al., 2002; Tellez et al., 2006; Dibner et al., 2008). Competitive exclusion (CE) is a 
phenomenon which limits the colonization of pathogenic bacteria by certain beneficial 
commensal bacteria that reside in the gastro-intestinal tract (Nurmi and Rantala, 1973). 
Competitive or antagonistic effects of CE bacteria against opportunistic pathogens are mediated 
by several mechanisms including the production of antimicrobial metabolites (e.g. bacteriocins, 
SCFA, hydrogen peroxide and other metabolites of oxygen), occupying or modifying the 
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receptors which bind pathogens or their toxins, or competing for essential nutrients (Gabriel et 
al., 2006).  
Poultry do not produce enzymes which digest non-starch polysaccharide (NSP) fraction 
of dietary fibre. However,  the cecal microbiota use NSPs as their main sources of carbon and 
energy and are able to hydrolyse these undigested carbohydrates to short chain fatty acids 
(SCFA) and some gases in chickens (Pinchasov and Elmaliah, 1994; Jorgensen et al., 1996; 
Jamroz et al., 1998; Jamroz et al., 2002).  The SCFA produced as a result of microbial 
fermentation are primarily comprised of acetate, butyrate and propionate (Jamroz et al., 1998). It 
has been reported that the concentration of SCFAs increase from very low levels at day 1 chicks 
to high levels at day 15, after which they then stabilize (Van der Wielen et al., 2000). Short-chain 
fatty acids elicit beneficial effects in the avian host such as  providing extra energy (better feed 
conversion ratio), accelerating intestinal epithelial cell proliferation (changing intestinal 
morphology/increasing intestinal tissue weight) and inhibiting the growth of the pathogenic 
bacteria (lowering gut pH) (Jozefiak et al., 2004; Tellez et. al.,2006; Adil and  Magray, 2012 ).  
A previous study by Joze- fiak et al., 2004 has provided evidence that SCFAs provide up to 8 % 
of the energy requirement in chicken.    
Gut microbiome of poultry are capable of synthesizing vitamins (mainly vitamin B), but 
these vitamins are excreted with feces since they are not absorbed by cecum (Coates, 1980).  
Coprophagic birds may have the benefit of bacterial vitamin synthesis. In addition, cecal bacteria 
catabolize uric acid to ammonia, which can be absorbed by the host to synthesize some amino 
acids ( Vispo and Karasov, 1997). Some dietary nitrogen is incorporated into the cellular protein 
of bacteria, thus gut bacteria themselves may be a source of amino acids (Metges, 2000). 
However, the majority of bacterial proteins are lost with bird feces since the cecum does not 
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have the ability to digest or absorb these proteins. Therefore, these bacterial proteins can be only 
utilized by coprophagic birds (Koutsos and Arias, 2006; Vispo and Karasov, 1997). Further, the 
gut microbiota contributes to the absorption of some minerals in the ceca such as sodium whilst 
they have some negative effects on the absorption of calcium and magnesium (Braun, 2003; 
Jozefiak et al., 2004; Adil and Magray, 2012). 
Adverse effects of the gastrointestinal microorganisms affect animal production with 
respect to the growth of animals and the quality of their products. The digestive microbiota 
competes with the host for the dietary ingredients, particularly the poorly digestible feedstuffs. 
When the intestinal tract is invaded by pathogenic bacteria, they provoke a harmful effect in the 
host, by creating local or systemic infections, intestinal degeneration and toxin production. 
Activation of innate immunity due to microbial invasion occurs at a very high metabolic cost and 
results in a reduction in feed intake and nutrient utilization, thereby repartitioning nutrients away 
from growth and towards the immune response (Johnson, 1997). Ultimately, pathogenic invasion 
may cause either low-grade damage (e.g. Decreased body weight gain, poor feed conversion 
efficiency) or severe enteric damage, notably overt disease and high mortality (Yegani and 
Korver, 2008). Moreover, digestive microbiota is also able to alter the composition and 
organoleptic quality of meat (Gabriel et al., 2006). 
The intestinal microbiota has an ability to alter the functional physiology of the avian 
host. Gnotobiotic techniques have made it possible to identify the effect of GIT microbes on 
nutritional and physiological characteristics in chickens. The term “gnotobiotic” is described as 
an animal or system in which all existing life forms are known. With respect of the microbial 
inhabitants, the gnotobiotic animals can be classified into germ-free or animals associated with a 
known number of microbial strains, i.e.  mono-associated, conventionalized or specific pathogen 
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free (Coates, 1973; Furuse and Okumura, 1994). The results of the gnotobiotic studies cannot 
always be solely applied to the animals in normal conventional conditions, since the biological 
features of host and microbes may vary from real rearing conditions to gnotobiotic systems.  
 Studies using gnotobiotic chickens can be used to investigate the effect of gut microbiota 
on nutrient metabolism and performance characteristics in the host. Variable responses of brush 
border disaccharidase activities to germ-free conditions in different animal species have been 
reported. Higher disaccharidase activities in the small intestine of GF rats (Reddy and 
Wostmann, 1966) and GF pigs (Willing and Van Kessel, 2009) were recored compared to their 
CV counterparts and explained by the presence of more mature enterocytes due to slow rate of 
cell turnover in GF animals. However, in gnotobiotic studies using chicks, there was no direct 
effect of microbial status on disaccharidase production observed in the small intestine (Siddons 
and Coates, 1972).  
 
2.3.2 Effect of microbiota on intestinal morphology and digestive function 
The gastro-intestinal microbiota results in anatomical and physiological changes in the 
intestine due to its interaction with the mucosa and the production of some metabolites (Coates, 
1980; Furuse and Okumura, 1994). The absolute and relative lengths (length/body weight) of the 
small intestine in CV chicks are higher compared to their GF counterparts (Furuse and Yokota, 
1984b). Also, it has been reported that the small intestine and cecum of GF birds had a reduced 
weight and a thinner wall compared to their conventional counterparts (Furuse and Okumura, 
1994; Gabriel et al., 2006).  This may be mainly associated with increased cellularity in the 
lamina propria (Miniats and Valli, 1973) and the thickening of the submucosa and muscular 
layers (Shurson et al., 1990; Furuse and Okumura, 1994; Gaskins, 1997).  
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 An increase in villus height has been reported with microbial colonization in the broiler 
chicken.  In conventional birds, intestinal villi are higher compared with their germfree 
counterparts (Cook and Bird, 1973; Gabriel et al., 2003; Gabriel et al., 2006).Similarly; 
conventional chicks have been shown to have longer villi than the birds with a low bacterial load 
(Forder et al., 2007). Further, the dietary addition of probiotics have also shown increased villus 
height in broiler chicken (Chichlowski et al., 2007; Samli et al., 2007; Awad et al., 2010). 
Commensal bacteria play important roles in the metabolism of several nutrients which are unable 
to be digested by the host. Further, it has been reported that luminal and systemic SCFA induce 
mucosal proliferation by increasing plasma glucagen-like petide-2, ileal pro-glucagen mRNA, 
and glucose transporter -2 expression and protein (Adil and Magray, 2012). Thus, SCFA 
produced by microbial activity have a direct impact on mucosal proliferation and villus 
morphology, thereby increasing the intestinal absorptive surface area (Galfi and Bokori, 1990; 
Sakata and Inagaki, 2001). However, (Gabriel et al., 2006) reported that the intestinal microvilli 
are less regular and the surface area of microvilli per surface unit is less in CV birds than in GF 
birds. The authors also stated that CV chicks have deeper crypts and a higher number of dividing 
cells than the GF birds. Further, it has been reported that the transit rate of intestinal epithelial 
cells is lower in GF chickens than in the CV state (Rolls et al., 1978). These reports suggest that 
the increased microbial activity at the level of the brush border may increase both the damage to 
enterocytes and the need for cell renewal in the gut. Therefore, in the presence of microbiota, 
enterocytes reach the top of the villi more rapidly and are less mature. As a result, the total 
activity of digestive enzymes may decrease in CV animals (Corring et al., 1981; Gabriel et al., 
2006). But the presence of microbiota has been reported to not show a significant difference in 
the intestinal disaccharidase activities in chickens (Siddons, 1969; Siddons and Coates, 1972). 
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GF chicks do not exhibit enlarged ceca as in GF rabbits and rodents and there is no difference in 
the transit time of food through the gut compared to CV birds (Ford, 1971). 
Bacteria extensively modify endogenous and exogenous cholesterol in the intestinal tract 
and biliary bile acid pattern. Primary bile acids are subjected to deconjugation, dehydrogenation, 
dehydroxylation, and sulfation reactions by intestinal microbes based on the nature of the 
secondary bile acids (Midtvedt, 1974). Gnotobiotic animal studies have revealed a higher total 
body pool of cholesterol in GF animals compared to their CV counterparts (Kellogg and 
Wostmann, 1969; Wostmann, 1973; Claus et al., 2008). Thus, it is evident that in the GF state, 
there is an increase in the efficiency of bile acid reabsorption, related to either lack of microbial 
conversion in the lower gut or to a decreased intestinal excretion in the absence of an intestinal 
microbiota (Abrams and Bishop, 1967). Further, high concentrations of bile acids in the small 
intestine increase the absorption of Ca and Mg (Wostmann, 1981).  Fat digestion and absorption 
are influenced by the bile acids and their salts secreted into the gut. Boyd and Edwards, 1967 
reported that the GF chickens utilize dietary fats somewhat better than their CV counterpart. 
Catabolism of bile acids by a variety of intestinal bacteria reduces digestion of fat and fat soluble 
vitamins (Engberg et al., 2000), reduces absorption of lipids (Eyssen, 1973) and produces toxic 
degradation products which lead to depressed growth performance (Baron and Hylemon, 1997) 
and an increased incidence of disease.  
 
2.3.4 Role of microbiota in host protein and energy nutrition 
Feed occupies the largest cost factor in broiler production with the cost of ingredients 
providing energy a key consideration. The net energy utilization in chicken is influenced by the 
energy requirement of the gut.  Host-related factors which affect the energy requirement in the 
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intestines are identified as gut structure (intestinal growth and maintenance, overall surface area 
of the gut), rate of passage of digesta, capacity to digest and absorb nutrients, barrier function 
and the activity of gut microbiota (Hughes, 2003). Utilization of dietary energy and the increased 
intestinal protein synthesis by intestinal bacteria increase the energy requirement for the 
maintenance (Furuse and Yokota, 1984b; Furuse and Okumura, 1994). Dietary factors which 
increase the gut microbial activity may decrease energy utilization (Choct, 1999). Further, the 
energy requirement is increased due to the energy spend for detoxification of various substances 
produced by intestinal bacteria.     
  Microorganisms reside in the GIT play and important role in nitrogen economy in birds. 
They (directly or indirectly) influence the protein metabolism in the gut to a larger extent 
compared with that in other organs (Muramatsu et al., 1987). These organisms reduce the 
proteins present in the digesta since they utilize the endogenous proteins (e.g. proteins produced 
from mucus, cellular debris, and bacterial biomass) and dietary proteins not hydrolysed by the 
host (Gabriel et al., 2006). However, it has been reported that GF and CV chickens have similar 
proteases in the small intestine (Salter and Coates, 1971). Therefore, the nitrogenous compounds 
of the digesta in crop, proventriculus, gizzard, duodenum, jejunum and ileum had little difference 
between GF and CV chicks. In contrast, Furuse and Okumura (1994), found considerable 
differences in the nitrogen content of digesta of the lower gut contents and excreta of GF and 
CV; the authors suggested that additional protein digestion was mediated by microbial 
proteolytic enzymes in CV hind gut.  
Gut microbiota are able break down nitrogenous compounds (dietary and urinary) into 
SCFA and ammonia. Although this fermentation is observed throughout the avian gut (from crop 
to cecum), this is primarily seen in the cecum, which is densely populated with bacteria. Short 
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chain fatty acids are an energy source for enterocytes and the host (Jozefiak et al., 2004), while 
ammonia is a source of nitrogen in microbial protein synthesis (Stevens and Hume, 1998; 
Jozefiak et al., 2004). Alternatively, some bacteria ferment amino acids, producing high 
concentration of ammonia that may reduce animal growth (Pond and Yen, 1987; Veldman and 
Van der Aar, 1997), partly due to an increase in enterocyte turnover (Visek, 1978a). Proteolytic 
bacteria in the hind gut produce amino acids by microbial digestion of endogenous and microbial 
protein in chicken.Parsons et al., 1983 found that CV chickens excrete higher amounts of 
endogenous amino acids compared to GF birds when high a fiber diet was fed. Thus, the author 
indicates that there is substantial amino acid synthesis in the gut in the presence of microbiota. 
Further, it was found that the rate of protein fractional synthesis in the liver and gut is higher in 
CV chicks than in GF chicks, but the effect was not significant (Muramatsu et al., 1987). Protein 
fermentation by intestinal microbes depends on the composition of the diet. Protein supplements 
which have poor digestibility induce increased microbial fermentation compared with highly 
digestible protein diets (Williams, 1995).   
 
2.4 Mannan oligosaccharides as an antibiotic alternative in broiler chicken 
The poultry industry has made significant advances in the areas of nutrition, management, 
and genetics to maximize the efficiency of bird performance including feed utilization, growth 
rate, and meat yield. More recently, the industry has become more focused on improving bird 
health and welfare, food safety and environmental issues. Antibiotics have been extensively used 
as a growth promoter in poultry feed, mainly to stabilize intestinal microbiota, enhance general 
performance and to control intestinal pathological conditions (Gaskins et al., 2002; Dibner and 
Richards, 2005; Page, 2006). The direct effect of AGP on intestinal microbiota has been 
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suggested to reduce the competition for vital nutrients between the bird and the microbiota 
(Ferket, 1991) and to minimize the growth-depressing metabolites (e.g. ammonia and bile 
degradation products) produced by microbes, (Visek, 1978b; Anderson et al., 1999). 
Additionally, AGP are thought to enhance nutrient digestibility and absorption, due to the 
thinning of gut wall and villus lamina propria (Jukes et al., 1956; Franti et al., 1972; Anderson et 
al., 1999). The reduced gut wall thickness may be partly related to reduced mucosa cell 
proliferation resulting from a reduction in luminal short chain fatty acids generated by microbial 
fermentation (Frankel et al., 1994). Also, AGP have been associated with a reduction in 
opportunistic pathogens and subclinical infections, thus reducing the metabolic cost of the innate 
immune stimulation. Although a direct anti-inflammatory effect of AGP has recently been 
hypothesized (Niewold, 2007), the mode of action of AGP has largely been considered to be 
related to effects on the intestinal microbial population (Castanon, 2007), as antibiotics in feed 
do not have growth-promoting effects in GF animals (Coates et al., 1955; Coates et al., 1963). 
The development of antibiotic resistance in bacteria has been identified as a consequence 
of subtherapeutic levels of antibiotics in animal feed. Therefore, the usage of AGP is of special 
concern by many scientists, consumers and government regulators with respect of its threat to 
human health (Smith et al., 2003; Nollet, 2005). As a result, the European Union banned all AGP 
in animal production on January 1, 2006 (Cervantes, 2006; Michard, 2008) and tighter regulation 
is also expected in Canada and the US (Diarra and Malouin, 2014). The increasing regulatory 
control on antibiotic use to address the growing concern over widespread antibiotic resistance 
has driven the need to find alternatives to AGP to maintain the welfare of birds and the 
efficiency of poultry production.    
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Mannan oligosaccharide (MOS) are one of the most extensively investigated alternatives to 
antibiotic growth promoters in commercial broiler chickens (Spring, 1999; Hooge, 2003). 
Mannan oligosaccharide is derived from the outer cell wall layer of the yeast Saccharomyces 
cerevisiae var. boulardii. The composition of the cell wall consists of mannose, proteins, glucans 
and phosphate radicals (Lyons, 1994; Klis, F. M., 2002).   
Numerous studies have been conducted to investigate the effect of MOS on growth 
performance in broilers under different management conditions with various genetic lines, diets, 
experimental periods, and inclusion levels (Hooge, 2004; Yalcinkaya et al., 2008; Bozkurt et al., 
2009; Yang et al., 2008b). Several researchers have found that the addition of MOS in broiler 
feed results in improved growth performance (Hooge, 2004; Rosen, 2007). The meta-analysis of 
some of the global broiler chicken pen trials (1993-2003) revealed that MOS significantly 
increased body weight by +1.61%, reduced feed conversion ratio (FCR)  by -1.99%, and reduced 
mortality by -21.4% compared to the negative control diets (Hooge, 2004). More recent studies 
have also reported performance enhancement with MOS supplementation (Pelicano et al., 2004; 
Yang et al., 2008a; Bozkurt et al., 2009). Yang et al. (2008a) reported that the positive effect of 
MOS was more profound in the birds fed with a wheat-based diet than the corn-based diet 
although the mechanism was not clear. 
However, studies of the effect of MOS on broiler performance have produced 
inconsistent results. Contradictory to above findings, some studies have reported no benefit of 
MOS supplementation in the diet on broiler performance. In two reports, the BWG and FCR 
were not significantly influenced by MOS in broilers by the age of 42 days (Yalcinkaya et al., 
2008; Sarica et al., 2005).  A common concern by the scientific community is the lack of 
43 
 
reporting of experiments where no improvement is found, however, the extent to which this 
phenomenon applies is not quantifiable.   
Several reports suggest three possible modes of action by which broiler performance is 
improved by dietary MOS supplementation (Oyofo et al., 1989a; Spring et al., 2000; Ferket, 
2004; Hooge, 2004). They are: 1) control of pathogenic/potential pathogenic bacteria by a 
“receptor analog” mechanism where MOS adsorb pathogenic bacteria containing type 1 fimbriae 
(mannose-sensitive lectin) and distract the pathogens away from intestinal lining, 2.) immune 
modulation by acting as a non-pathogenic microbial antigen and thereby stimulating gut 
associated and systemic immunity, and 3.) modulation of intestinal morphology and digestive 
function (e.g. increases intestinal villi height, uniformity, integrity, mucin expression and brush 
border enzymes) as indirect outcomes of 1 and 2 above.  
 
2.4.1 Exclusion of pathogens 
Mannan oligosaccharide supplementation may improve broiler performance through 
modulation of the intestinal microbial populations and exclusion of pathogens. It has been 
demonstrated that pathogens possessing type 1 fimbriae are much more virulent than non-
fimbriaed bacteria (Duguid et al., 1976; Connell et al., 1996; Gunther et al., 2002). Type 1 
fimbriae are expressed in Escherichia coli, Salmonella as well as most other species of bacteria 
in the Enterobacteriaceae family (Duguid and Old, 1980; Jones et al., 1995; Duncan et al., 2005). 
Mannose-specific type-1 fimbriae present in bacteria allow them to attach to the receptors 
containing D-mannose (Eshdat et al., 1978) in the intestinal epithelial lining. Attachment of 
pathogenic microbes to the enterocyte cell wall is a prerequisite for bacterial colonization and the 
onset of infections (Gibbons and Vanhoute, 1975). However, the attachment of Gram negative 
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bacteria can be inhibited by blocking their type-1 fimbriae with mannose or similar sugars. Thus, 
dietary inclusion of MOS may allow enteric pathogens to attach to the mannan compounds in the 
gut lumen instead of the epithelia, thereby reducing pathogen colonization and subsequent 
infections.   
Reduction of Salmonella infection by MOS has been demonstrated in a number of studies 
(Fernandez et al., 2000; Spring et al., 2000; Fernandez et al., 2002). Spring et al. (2000) indicated 
that MOS decreased the number of salmonella positive chickens from 89.8% to 55.7% upon 
challenge with Salmonella Typhimurium and Salmonella Dublin. Similarly, some other in vivo 
and in vitro studies reported that mannose decreased the adherence and colonization of 
Salmonella Typhimurium in the intestine of young chicks (Oyofo et al., 1989a; Oyofo et al., 
1989b; Oyofo et al., 1989c). A reduction of mucosa-associated coliforms was also observed in 
the birds supplemented with MOS as early as 7 days of age (Yang et al., 2008a). Similar findings 
were observed by Iji et al. (2001c) and Santin et al. (2001) and the authors suggested that the 
reduced coliforms may contribute to the observed improvement in gut morphology and function. 
Ileal luminal coliform counts have also been shown to be reduced by MOS (Jamroz et al., 2003; 
Yang et al., 2008b).  
Pathogenic bacteria may cause direct damage to the intestinal epithelium as well as elicit 
immune responses in birds.  Immune response can manifest as fever and reduced appetite 
mediated by acute phase cytokines (Johnson, 1997; Spurlock, 1997). Further, cytokines modulate 
nutrient metabolism including glucose, lipids, amino acids and minerals by coordinating muscle, 
adipose, bone and hepatic metabolism in favour of providing these nutrients in support of the 
immune response. Therefore, infection burdens are associated with growth retardation due to 
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decreased food intake, impaired nutrient absorption from intestinal damage and increased 
metabolic requirements to support repair and immune response.  
Prebiotics are defined as non-digestible feed ingredients which elicit a beneficial effect in 
gut health by selectively enhancing the metabolic activity or growth of beneficial intestinal 
microorganisms (e.g. bifidobacteria and lactobacilli) (Gibson and Roberfroid, 1995; Cummings 
and Macfarlane, 2002; Ohimain and Ofongo, 2012). Mannan oligosaccharides have been 
characterized as prebiotics for poultry based on the reports (Denev et al., 2005; Baurhoo et al., 
2007a; Baurhoo et al., 2007b; Baurhoo et al., 2009) that dietary inclusion of MOS caused a 
significantly increased intestinal lactobacilli and bifidobacteria population than the broilers fed 
control diet . Although the exact mechanism is unclear, it was hypothesized that the decreasing 
number of viable Gram-negative bacteria (type 1 fimbriae-bearing) due to dietary MOS may 
increase the Gram-positive organisms in the gut. Lactobacilli and bifidobacteria are Gram-
positive bacteria that include no pathogenic species and are suggested to maintain the integrity 
and health of the chicken gut by several modes of action including competing against potential 
pathogens for epithelial binding sites and nutrients, secreting bacteriocins (Gibson and Wang, 
1994; Kawai et al., 2004) and modifying  the synthesis and secretion of mucin in the gut 
(Smirnov et al., 2005). Moreover, lactate produced by lactobacilli and bifidobacteria during 
carbohydrate fermentation, may decrease the growth of the pathogenic bacteria such as 
Salmonella and E. coli, (Barrow, 1992). However, in broilers, the effect of MOS on intestinal 
lactobacilli and bifidobacteria is not consistent as reported throughout the literature (Spring et al., 
2000; Fernandez et al., 2002; Biggs et al., 2007).  
Increased villus height has been observed in several studies in which broiler chickens 
were fed MOS-supplemented diets (Loddi et al., 2002; Baurhoo et al., 2007b; Yang et al., 2007a; 
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Baurhoo et al., 2009). An association between increased intestinal villus height and increased 
colonization of lactobacilli and bifidobacteria in MOS-fed broilers was identified in studies 
conducted by Baurhoo et al. (2007b) and Baurhoo et al. (2009). The effect of beneficial bacteria 
such as Lactobacillus sp. on increased villus height to crypt depth ratio in the duodenum and 
ileum has been reported in chicks (Awad et al., 2010). Additionally, it was found that the birds 
given MOS had shallow crypts compared to controls (Savage et al., 1997; Yang et al., 2008a) 
consistent with less turnover rate of the intestinal epithelium. An increased villus height: crypt 
depth ratio observed in birds supplemented with MOS (Ferket et al., 2002) may indicate reduced 
damage of enterocytes and therefore the need for cell renewal in the gut. As a result, there is less 
nutrient demand for maintenance of intestinal mucosa, which in turn favors faster growth rate of 
the whole animal.  
The specific activities of digestive enzymes and gut morphology are indications of the 
rate of epithelial cell turnover and thus the maturity and functional capacity of enterocytes. It has 
been reported that specific activities of brush border enzymes are enhanced by MOS (Iji et al., 
2001c; Sklan, 2001; Yang et al., 2008a). Significant increases in the specific activities of sucrase, 
maltase, and leucine aminopeptidase were detected in in the jejunum but not ileum of broiler 
chickens up to an inclusion level of 3g kg-1 MOS (Iji et al., 2001c).   
MOS supplementation has also been reported to reduce some pathogens which do not 
possess type 1 fimbriae (i.e. coccidia, Clostridium perfringens and Campylobacter), but the 
mechanism remains unknown (Novak and Troche, 2007).  Feed supplemented with MOS has 
been found to decrease Campylobacter colonization in broiler chickens (Shane, 2001; Anderson 
et al., 2005). Also, it has been documented that feeding birds with MOS may prevent 
colonization by C. perfringens (Hofacre et al., 2003; Abudabos and Yehia, 2013). Although 
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MOS does not bind to these bacterial species, Ferket, (2004) suggested that those bacterial 
counts were reduced by MOS, possibly by enhancing the mucin barrier or stimulating gut 
associated immunity. 
2.4.2 Effect of MOS on immune modulation and nutrient assimilation 
The innate immune system relies on a large family of pattern recognition receptors 
(PRRs), which recognize and respond to the certain molecular structures conserved among 
invading pathogens, which are called pathogen associated molecular patterns (PAMPs) and 
endogenous molecules released from damaged cells, known as damage-associated molecular 
patterns (DAMPs). For example, TLR4 specifically recognizes lipopolysaccharide (LPS), which 
is a major component of the outer membrane of Gram-negative bacteria, and mannose receptors 
are capable of recognizing a broad range of Gram-negative and Gram-positive bacteria, yeasts, 
parasites, and mycobacteria (Stahl and Ezekowitz, 1998; Raetz and Whitfield, 2002). Several 
reports have indicated that MOS is immunomudulater in poultry (Shashidhara and Devegowda, 
2003; Singboottra et al., 2003; Kocher et al., 2004; Baurhoo et al., 2007b). The 
immunomodulatory effect of MOS has been associated with its mannan molecule, which may 
serve as a high affinity ligand for host PRRs such as mannose receptors (Tizard et al., 1989; 
Davis et al., 2002b) and TLR4 (Sheng et al., 2006). Also, the microbial populations altered by 
MOS may result changes in the abundance patterns of PAMPs affecting activation of PRRs.  
Although little is known about the effects of MOS on cytokine production, Che et al. 
(2008) and Che et al. (2012) reported that MOS may have direct effects on cytokine secretions of 
phagocytes. It was suggested that MOS has a unique character of immune modulation by 
enhancing the protective antibody response for disease prevention while suppressing the acute 
phase inflammatory response (Ferket et al., 2002). For instance, Ferket et al. (2002) showed 
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decreased fever response at 8 h post-injection LPS from Salmonella Typhimurium strain SL 684 
in birds fed MOS. Hung et al. (2008) also found reduced fever at 2 h after injection of LPS in 
pigs supplemented with dietary MOS. Further, a study by Che et al. (2011) reported that rectal 
temperatures of MOS-fed pigs declined markedly by d 7 post-infection with porcine reproductive 
and respiratory syndrome virus.  Also, a similar study showed that dietary MOS increased serum 
interleukin IL-10, an immunosuppressive anti-inflammatory cytokine. 
In contrast to suppressed inflammation, a study with male turkeys showed increased 
production of IgA with MOS (Savage et al., 1996). Also, Cetin et al. (2005) reported significant 
increases in the serum IgG and IgM levels in turkeys fed MOS. An experiment on broiler 
breeders by Shashidhara and Devegowda (2003) found that the birds fed MOS had a higher 
antibody response after vaccination with bursal disease virus. Here, the MOS supplementation 
positively affected the maternal antibody titers in the progeny.  
The release of bioactive compounds or the indirect activation of immune system by 
intestinal bacteria may influence goblet cell dynamics (Bienenstock and Befus, 1980) . Thus, 
mucus production is enhanced by increasing the number of goblet cells in the intestinal mucosa 
in the presence of microbial antigens (Edens et al., 1997; Ferket et al., 2002). Mucins, which are 
produced by goblet cells, are key components of the first line of defense against intestinal 
pathogens. Increased mucin production  (Chee et al., 2010; Smirnov et al., 2005; Uni and 
Smirnov, 2006) and goblet cell number per villus (Baurhoo et al., 2007a; Baurhoo et al., 2007b; 
Solis de los Santos et al., 2007) have been reported as a result of feeding MOS. Mucins may 
reduce the colonization of pathogenic microorganisms (Blomberg et al., 1993) by trapping 
invading organsims and eliminating them from the intestine (Belley et al., 1999). Specific 
mannosyl receptors in the oligosaccharide units of mucins may also competitively bind to type 1 
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fimbriae of Gram-negative bacteria (Sajjan and Forstner, 1990) preventing their attachment to 
epithelial cells.  Also, it is reported that some commensal bacteria, namely lactobacilli and 
bifidobacteria, stimulate mucin synthesis and secretion to help eliminate intestinal pathogens 
(Smirnov et al., 2005). In an in vitro study, MUC2 and MUC3 mRNA expression were increased 
by the probiotic Lactobacillus plantarum in intestinal epithelial cells associated with the 
inhibition of adherence of E. coli (Mack et al., 1999). So, the growth of beneficial bacteria 
favored by MOS (Baurhoo et al., 2007b), may indirectly increase mucin production in broiler 
chickens. Stimulation of mucin production and secretion may represent an important defense 
mechanism of dietary MOS against intestinal pathogens.  
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3.0 INTESTINAL MORPHOLOGY, DIGESTIVE AND BARRIER FUNCTION IN 
CONVENTIONAL AND GNOTOBIOTIC BROILER CHICKENS FED DIETS WITH OR 
WITHOUT MANNAN OLIGO SACHARIDES 
 
3.1 Introduction 
The composition and metabolic activity of GIT microbiota is increasingly recognized as 
having important influences on the host, affecting major functions of the intestinal tract including 
nutrient assimilation and protection against pathogens (Klasing et al., 1999; Dawson, 2001; 
Choct, 2009; Adil and Magray, 2012). There are many factors which alter the composition of the 
intestinal bacterial community in the avian host, such as diet (Apajalahti et al., 2001; Knarreborg 
et al., 2002), age (Knarreborg et al., 2002; van der Wielen et al., 2002; Zhu et al., 2002), 
antibiotic administration (Knarreborg et al., 2002; Dumonceaux et al., 2006b; Wise and Siragusa, 
2007) and pathogenic infections (Kimura et al., 1976; Johansen et al., 2006). Unfortunately, the 
abundant and diverse array of gastrointestinal bacteria, and the dynamic nature of the community 
structure and metabolic activity pose a significant challenge to elucidate specific relationships 
linking health of the host animal with environmental factors and the abundance of specific 
members of the microbial community. 
Both benefits and costs to the bird are associated with the activity of GIT microbiota. The 
commensal microbiota established in the GIT hamper colonization of pathogenic organisms by a 
phenomenon called competitive exclusion (Nurmi and Rantala, 1973) employing  a variety of 
mechanisms, such as producing antimicrobial metabolites (Fuller, 1984; Piard and Desmazeaud, 
1991; Mulder et al., 1997), modifying the receptors used by adverse bacteria or their toxins 
(Rolfe, 1991) and competing with pathogens for the use of essential nutrients (Rolfe, 1991). 
Further, some bacteria metabolize nutrients that the host cannot digest and convert to end 
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products such as SCFA, which provide extra energy and promote gut epithelial cell proliferation 
(Jozefiak et al., 2004; Adil and Magray, 2012), or some may release enterotoxic bacterial 
metabolites such as ammonia (Furuse and Okumura, 1994). Further, the host recognizes 
evolutionarily conserved structures on pathogens, through pattern recognition receptors (PRRs), 
that trigger proinflammatory and antimicrobial defenses designed to limit pathogens, but which 
can also reduce appetite, increase metabolic rate (Johnson, 1997; Klasing, 2007) and impair 
nutrient assimilation (Nabuurs et al., 1993; Gabriel et al., 2006).   
   Mannan oligosaccharides (MOS) derived from the cell wall of yeast, Saccharomyces 
cereveisiae, have been investigated and commercially employed as alternatives to antibiotic 
growth promoters in poultry production (Spring, 1999; Hooge, 2003). Possible modes of action 
in which broiler performance is improved by dietary MOS supplementation include:  1.) 
modulation of microbial populations by agglutination of pathogens bearing type 1 fimbriae, 2.) 
modulation of immune responses and stimulation of gut associated and systemic immunity, and 
3.) modulation of intestinal morphology and digestive functions (Spring et al., 2000; Iji et al., 
2001c; Loddi et al., 2002). Whether observed improvements in bird health and performance are 
mediated by MOS-induced changes in GIT microbiota, which subsequently modulate responses 
in host defense and nutrient assimilation, or whether MOS directly modulates host defense and 
nutrient assimilation, for example, through activation of PRR, is unclear.  
  We hypothesized that the reported beneficial effects of MOS on broiler chicken health 
and performance are mediated by direct effects of MOS on the host following interaction with 
pathogen recognition receptors. Therefore, the experiments were designed to elucidate the 
interaction between the three components, namely MOS, the broiler chicken and the resident 
microbiota by employing a gnotobiotic rearing protocol. The objectives of the study were to 
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investigate 1.) the microbial influence on intestinal development in broiler chickens and 2.) to 
differentiate effects of MOS mediated by changes in microbial composition versus effects 
directly mediated by MOS interaction with avian tissues. The effects of dietary MOS under 
different microbial conditions are reported on  bird performance and organ weight, ileal 
morphology and markers (gene expression, enzymatic activity) of cell turnover (PCNA, 
Caspase-3), barrier function (TLR2, TLR4, Gal-6, IL8) and nutrient assimilation (SGLT-1, 
PepT-1, sucrase, maltase and glucoamylase). 
 
3.2 Materials and methods 
3.2.1 Birds and Diets 
3.2.1.1 Gnotobiotic study 
 
Germ-free chickens were reared according to methods previously developed in our 
laboratory (Drew et al., 2003). Briefly, 144 fertile eggs (Ross x Ross 308) were sterilized by 
immersion for 14 min in 0.3% hypochlorite solution prior to incubation.  At day 19 of 
incubation, eggs were sprayed with warm (35°C) chlorine dioxide based sterilant (Clidox®-S, 
Pharmacal Research Laboratories Inc., Naugatuck, CT) and placed in four sterile HEPA-filtered 
gnotobiotic isolators (36 eggs in each) maintained at 55-60 % humidity and 32-34°C.  Birds in 
two isolators were conventionalized at one day of age by placing cecal contents collected from a 
healthy adult laying hen in the water supply (1 g of cecal material from a cage-housed, mid-cycle 
laying hen mixed with 1 mL of sterile peptone and 2 mL of cysteine hydrochloride).  
Hatched birds in each gnotobiotic isolator were randomly assigned to one of two dietary 
treatments (Table1), namely a negative control (NC, basal diet without any dietary additives) and 
53 
 
MOS supplementation (MOS, 2 g Bio-Mos/kg feed, Alltech Inc., and Nicholasville, KY, USA). 
The experimental starter diet was formulated to meet or exceed the nutrient requirements of 
broilers (NRC, 1994). The vitamin premix was included at two times the commercial 
recommended inclusion in order to account for inactivation during sterilization by gamma 
irradiation (50 kGy).The room temperature was maintained at 340C and continuos light was 
provided for the chicks throughout the experiment. All chicks had ad libitum access to sterilized 
feed and water for the duration of the study.  
Incubation of peri-cloacal swabs indicated microbial contamination of one germ free 
isolator on day 2 post hatch. Also, a poor hatch rate was experienced necessitating the combining 
of two conventionalized isolators, and the reorganization of treatment assignments and number 
of birds per treatment as in Table 2. At 7 days of age, all birds were weighed and euthanized by 
cervical dislocation to permit collection of tissues and intestinal contents for analysis. The 
experiment was approved by the University of Saskatchewan Animal Research Ethics Board 
(Protocol number 20080026) and complied with guidelines of the Canadian Council of Animal 
Care. 
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Table 1. Ingredients and chemical composition of experimental diets containing   mannan 
oligosaccharides (MOS) fed to broiler chickens from 1 to 7 days of age. 
Item Treatment 
 Negative control MOS 
Ingredients (%)   
  Corn 53.3 53.3 
  Soybean meal (48%) 37.6 37.6 
  Canola oil     3.25     3.25 
  Dicalcium phosphate     1.92     1.92 
  Limestone     1.56     1.56 
  Salt     0.35     0.35 
  DSM broiler premix1      0.50     0.50 
  FCL vitamin premix V8V2     0.10     0.10 
  Choline chloride     0.07     0.07 
  DL-Methionine     0.28     0.28 
  L-Threonine     0.02     0.02 
  L-Lysine HCL     0.17     0.17 
  Probond (pea starch)3     0.26     0.26 
  Sodium bicarbonate     0.22     0.22 
  Celite4     0.40     0.20 
  MOS5 -     0.20 
  Total 100 100 
Calculated composition (%, unless otherwise indicated) 
  AME (kcal/kg) 3050 3050 
  Crude protein 22 22 
  Chloride 0.28 0.28 
  Non-phytate phosphorus 0.50 0.50 
  Total phosphorus 0.79 0.79 
  Sodium 0.21 0.21 
  Arginine 1.51 1.51 
  Isoleucine 0.95 0.95 
  Lysine 1.38 1.38 
  Methionine 0.62 0.62 
  Threonine 0.88 0.88 
  Tryptophan 0.31 0.31 
1 DSM Nutritional Products Canada Inc. High River, Alberta.  Provided per kg of diet: 11,000 IU 
vitamin A; 2,200 IU vitamin D; 30 IU vitamin E; 2 mg menadione; 1.5 mg thiamine; 6 mg 
riboflavin; 60 mg niacin; 4 mg pyridoxine; 0.02 mg vitamin B12; 10 mg pantothenic acid; 0.6 mg 
folic acid; 0.15 mg biotin; 80 mg iron; 80 mg zinc; 80 mg manganese; 0.8mg iodine; 10 mg 
copper; 0.3 mg selenium; 0.625 mg antioxidant; 500 mg calcium carbonate.  
2 Landmark Feeds, Landmark, Otterburne, Rosenort, Winnipeg. Provided per kg of diet: 14,500 
IU vitamin A; 4,700 IU vitamin D; 45 IU vitamin E; 2.2 mg vitamin K; 3 mg thiamine; 10 mg 
riboflavin; 100 mg niacin; 5 mg pyridoxine; 0.02 mg vitamin B12; 20 mg pantothenic acid; 1.7 
mg folic acid; 0.25 mg biotin. 
3 Parrheim Foods, Saskatoon, Saskatchewan, Canada. 
4 Celite Corporation, Lompoc,California. 
5 Alltech Inc., Nicholasville, KY,USA.  
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Table 2.  Microbial status and number of birds fed each diet in different 
isolators of the gnotobiotic trial 
Isolator Microbial Status Diet  Number of birds 
1 Germ free 
 
Control diet 
MOS diet 
5 
5 
2 Mono-associated1 
 
Control diet 
MOS diet 
6 
7 
3 Conventionalized 
 
Control diet 
MOS diet 
8 
11 
1Isolator originally assigned as germ-free; reassigned as mono-associated following post 
experiment analysis of microbial status. 
 
3.2.1.2 Conventional study 
Twenty broiler chickens (Ross x Ross 308) were placed in one of two wire mesh cages 
(10 birds/pen) and fed a corn soybean meal based diet (Table 1) supplemented with or without 
MOS (Alltech Inc., 2g/kg). Chicks were reared in a conventionally ventilated animal room with 
continuos light and the temperature was maintained at 34oC. Also, birds were provided ad 
libitum access to feed and water. At 7 days of age, all birds were killed by cervical dislocation to 
permit collection tissues and intestinal contents.   
3.2.2 Confirmation of Microbial Status 
The cloaca of several birds in each isolator was swabbed using a sterilized cotton swab 
throughout the experiment. Swabs were placed in 5 mL of brain heart infusion broth (Difco 
Laboratories, Sparks, MD) with 0.5% cysteine hydrochloride and incubated within the isolators 
at 32°C to screen for bacterial contamination based on visible detection of microbial growth. 
After euthanasia, the content of one cecum per bird was aseptically placed in 15 mL sterile 
plastic tubes containing 1 mL of 0.1% sterile peptone buffer with 5 g/L of cysteine hydrochloride 
(Sigma Chemical Co., St. Louis, MO). The samples were serially diluted and plated on blood 
agar base containing 5% defibrinated sheep blood (VWR Int., Mississauga, ON, Canada). Plates 
56 
 
were cultured under anaerobic (AnaeroPack, Mitsubishi Gas Chemical Company Inc., Japan) and 
aerobic conditions at 37°C for 24 hours. Following culture colonies were assessed for 
morphological variation and enumerated to permit calculation of colony forming units (cfu) per 
gram contents. Where colony growth was inconsistent with germ-free status, colonies were 
isolated and identified by amplification of the cpn60 universal target (UT) gene and query of the 
sequence in the cpnDB (http://cpndb.cbr.nrc.ca; Hill et al., 2002; Hill et al., 2004) using FASTA 
(Pearson and Lipman, 1988).  
3.2.3 Sample collection 
Following cervical dislocation, the small intestine was excised from the carcass via a 
midline incision and was divided into three segments including the duodenum (from the outlet 
of gizzard to the end of pancreatic loop), jejunum (from the pancreatic loop to Meckel’s 
diverticulum), and ileum (from Meckel’s diverticulum to ileo-cecal junction). Each small 
intestinal segment was dissected and the length was measured and recorded. Tissue sections   
(1 cm long) from the mid-point of each small intestinal location and the remaining cecum were 
enclosed in tissue cassettes (Fisher Scientific Company, Ottawa, Ontario) and placed in 10% 
buffered formalin solution for gut morphological measurements. Also, 3-5 cm of tissue from 
each segment of small intestine and cecum were immediately snap-frozen in liquid nitrogen 
and stored at -80 °C for analysis of mRNA transcript abundance, protein content and enzyme 
activity. The wet weight of the liver, spleen, and bursa of Fabricius were also recorded. 
Intestinal contents were expelled from the ileum and cecum using gentle pressure and frozen at 
-20°C for molecular microbial analysis.    
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3.2.4 Histomorphological parameters 
The tissues of intestinal segments (fixed in 10% buffered formaldehyde), were subjected 
to a process that consisted of serial dehydration, clearing and impregnation with paraffin wax. 
Processed tissues were further embedded in paraffin and longitudinal sections (7 m) were cut 
and mounted individually onto Poly-L-Lysine coated Superfrost® slides. Sections were then 
deparaffinized using CitriSolv clearing agent (Fisher Scientific, Pittsburg, PA) and hydrated in 
preparation for staining with haematoxylin and eosin. 
The image analysis program VideoPro (Version 6.210, Leading Edge Pty Ltd., 
Australia) was employed to measure a variety of parameters for each of the stained sections in 
which 10 villi/section were measured. VideoPro was used to compute measurements of villous 
height (VH), crypt depth (CD), total villous surface area (VSA) and lamina propria area 
(LPA).Villus to crypt ratio (VCR) was obtained by VH/CD. 
3.2.5 Gene Expression Analysis by Real-Time quantitative PCR (qPCR) 
Frozen ileal and cecal tissues were crushed under liquid nitrogen prior to isolation of total 
RNA using RNeasy® Mini kit (QIAGEN®, Hilden, Germany). Samples were treated with 
RNase-Free DNase (QIAGEN®, Hilden, Germany) to minimize the contamination with genomic 
DNA.Reverse transcription (RT) of total RNA (2 µg) to single-stranded complementary DNA 
(cDNA) was performed using high capacity cDNA Reverse Transcription Kit (Applied 
Biosystems Inc, USA) according to instructions.   Quantitative Real-Time PCR (qPCR) was 
conducted using gene-specific primers (Table 3) with a Bio-rad CFX96 Real-Time PCR 
detection system on a C1000 thermal cycler (BioRad, Guénette, Canada). Primers were designed 
using Beacon Designer 4 (Premier Biosoft International, Palo Alto, CA) software based on 
published cDNA sequences or were adopted from previous reports (Table 3). Primers were 
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validated by query against GenBank using Primer Blast, confirmation of a single amplicon of 
expected molecular weight following agarose gel electrophoresis and formation of a single peak 
dissociation curve following qPCR. Further, the primers were verified by sequencing purified 
amplicons (National Research Council, Plant Biotechnology Institute, Saskatoon, SK) and query 
of the sequence in the Genbank database using BLAST® (National Center for Biotechnology 
Information, Bethesda, MD) (Altschul et al., 1990).  
Reaction mixtures for qPCR were prepared in Hard-Shell 96-well PCR plates (BioRad, 
Guénette, Canada) in duplicate and were composed of 12.5 μL of iQ SYBR green SuperMix 
(BioRad), 600 nM of each primer specific for each gene, 1-2 μL of the cDNA  and adjusted to  
25 μL with UV-exposed DNA grade water (Fisher Scientific, New Jersey, USA). All polymerase 
chain reactions were conducted in duplicate under the following conditions: 95°C for 3 min and 
35 cycles of 95°C for 40 s, primer specific annealing temperature (Table 3) for 40 s and 72°C for 
40 s.  
Standard curves were created by pooling cDNA from each sample and preparing a 5-fold 
dilution series. Corresponding relative arbitrary values were assigned to each cDNA dilution. For 
each gene target, threshold cycle values (Ct) were plotted against the corresponding relative 
arbitrary value for each dilution (Bio-Rad CFX Manager software 1.6). Interpolation in the 
standard curve of the mean Ct values obtained for test cDNA samples yielded arbitrary values 
corresponding to specific transcript abundance. 
All selected “housekeeping genes” investigated to normalize expression data were 
significantly affected by dietary supplementation with MOS. Therefore gene expression was 
reported using two different approaches. Firstly, since cDNA was prepared from the same 
amount of total RNA using identical protocols for all samples, values are reported without 
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further normalization based on housekeeping gene abundance. Despite the effect of treatment, 
for comparison, expression data was also normalized by dividing mean arbitrary values by mean 
values for selected housekeeping genes, namely Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and peroxiredoxin 6 (PRDX6). 
3.2.6 Protein and Brush-border Enzyme Assays 
Ileal tissue (frozen at -800C) from each bird was ground under liquid nitrogen using 
mortar and pestle. The ground tissue (20mg) was homogenized in 1 mL of 1% Triton X-100 (in 
phosphate buffered saline, pH 7.4) by needle and syringe homogenization. Homogenized 
samples were centrifuged at 1500g for 5 min and the supernatant was separated.  
 The activities of sucrase and maltase in the ileum tissue were analyzed as described by 
(Dahlqvist, 1964) with some modifications. Briefly, 40 µL of tissue homogenate was added to 
the same volume of 0.1 M substrate solution (sucrose or maltose) in a 96 well plate. The reaction 
mixtures were incubated at room temperature for 30 minutes. Then the liberated glucose 
concentration was determined spectrophotometrically at 505 nm using Wako Autokit Glucose 
assay (Wako Diagnostics, VA) according to manufacturer’s instructions. Sucrose was used as a 
substrate for sucrase activity and maltose was used to measure the maltase activity, representing 
the combined activities of sucrase-isomaltase and maltase-glucoamylase, respectively (Bjornvad 
et al., 2005; Lieberman et al., 2013).    
APN activity was assayed by the modified method of Maroux et al. (1973) based on the 
hydrolysis of the substrate L-alanine-4-nitroanilide to L-alanine and p-nitroaniline. Homogenized 
tissue samples (10 µL) were added to 200 µL of 10 mM L-alanine-4-nitroanilide in 50 mM TRIS 
HCl, pH 7.3) and incubated at 37°C for 5 minutes. Standards were prepared using 6.25 to 200 
µM 4-nitroaniline and the blank in 200 µL substrate plus 10 µL of boiled (denatured) 
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homogenate. The color development of the reaction and standards were measured at 405 nm 
using Spectramax (Molecular Devices Corp., Sunnyvale, CA). Interpolation of OD at 405 nm for 
samples against the standard curve yielded µM product liberated during the incubation. 
Protein content in homogenized tissue samples was determined using the Bio-Rad Protein 
assay (Bio-Rad Laboratories) according to the method of Bradford (1976) using bovine serum 
albumin as the protein standard. All brush border enzyme activities were expressed as 
micromoles of substrate released per minute per gram of protein.    
3.2.7 Caspase-3 activity 
The EnzCheck® Caspase-3 Assay Kit#1 (Molecular Probes, Inc., Eugene, OR) was used 
to  measure caspase-3 activity in tissue homogenates based on the proteolytic cleavage of the 
peptide Asp-Glu-Val-Asp (DEVD). Homogenized intestinal tissue (5 mg) was suspended in 200 
µL of  1 × Cell Lysis Buffer (10 mM TRIS, pH 7.5, 0.1 M NaCl, 1 mM EDTA, 0.01% 
TRITONTM X-100), incubated on ice for 30 minutes and centrifuged at 2300 x g for 5 min to 
pellet the cellular debris. Duplicate aliquots (50 µL) of the supernatant were transferred to 
individual wells in a 96 well plate. A reaction blank was prepared containing 50 µL Cell Lysis 
Buffer. A 2X substrate solution was prepared into a final concentration of 0.2 mM of Z-DEVD-
AMC (where Z represents a  benzyloxycarbonyl group and AMC represents 7-Amino-4-
methylcoumarin) and 50 μL of it was added to each sample and control. After that the microplate 
was covered and incubated at room temperature for 10 minutes. A standard curve was prepared 
by adding 100 µL of AMC (ranging 10-100 µM) into empty microtitre plate wells.  Fluorescence 
emission was measured at 441 nm following excitation at 342 nm using a Fluoroskan Ascent 
fluorometer (Thermo Labsystems, Helsinki, Finland) and caspase-3 activity expressed as µmol/g 
tissue/minute.  
  
Table 1. Primers used for Real-time PCR 
 
Gene Gene bank 
Accession no.* 
Description Real-time PCR  
sense/antisense                      
Annealing 
temperature 0C 
GAPDH NM_204305 Glycerladehyde-phosphate 
dehydrogenase 
GTGAAAGTCGGAGTCAACGGA/ 
AAGGGATCATTGATGGCCAC 
 
61 
PRDX6 NM_001039329.1 Peroxiredoxin-6 CGCTGATAAGGACCGAGAG/ 
AAAGGGATGTGGAGGATTGG 
 
57 
18S AF173612.1 18S rRNA GCCTGCGGCTTAATTTGACT/        
TAAGAACGGCCATGCACCA 
 
54 
β-actin NM_205518.1 Beta-actin CATTGCTGACAGGATGCAGAAG   
ATAGAGCCTCCAATCCAGACAGA 
 
52 
MUC2 XM_421035 Mucin 2 CCTGTGCAGACCAAGCAGAAA/ 
CCTCTGAGTTTTTCAGCAAAGAACAC 
 
57 
TLR2 NM_204278.1 
 
Toll-like receptor 2 GGCTGTGAACCTGAGAACC/ 
CTGATGACTGCTGAGAATACG 
 
55 
TLR4 NM_001030693 
 
Toll-like receptor 4 ATCACTTCTGTCCTGTCTCC/ 
CTGTTGCCACTCCTTATCTTG 
 
53 
IL-8a AJ009800 
 
Interleukin-8 ATGAACGGCAAGCTTGGAGCT/ 
TCACAGTGGTGCATCAGAATTGA 
 
61 
Gal6 NM_001001193.1 
 
Galinacin-6 AGACAGAAGGCAGCGGTGAT/ 
AAGAGGACAGACAGCAGG 
 
54 
PCNA NM_204170 Proliferating cell nuclear antigen GGGTTCGGGCGGCATCAG/ 
TCTTCATTTCCAGCACACTTCAG 
57 
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Table 2. (continued) 
 
Gene Gene bank 
Accession no.* 
Description Real-time PCR  
sense/antisense                      
Annealing 
temperature 0C 
     
APN NM_204861.1 Aminopeptidase-N GTCCAACAGAGCCACTTCC/ 
CGTCCACCAGCCAATACC 
 
54 
SI Y08960.1 Sucrase-isomaltase TCAGAATCAGACACCCAATCG 
GGCAACCTTCACATCATACAAC 
 
48 
MGA XM_422811.2 
 
Maltase-glucoamylasae GGCAGTTGATAGGCAGTTCC/ 
GTGGCTGGCTGTTGAATAGG 
 
53 
SGLT-1 AJ236903.1 
 
Sodium glucose co-transporter1  GTCTACCTGTCAATCCTTTCAC/ 
GGCATCATACCCTCCAACC 
 
52 
PepT-1 AY129615.1 
 
Peptide Transporter-1                ATGTTCCTTGCTGGTCTGG/ 
TGCGTATTGCTGCTTATTGAG 
52 
*  NCBI GeneBank Accession number. 
a The primers were adopted from Laurent et al. (2001). 
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3.2.8 TRFLP Analysis of microbial diversity 
Frozen cecal samples which were at -20°C were thawed in a 50°C water bath and 
homogenized before a sub-sample for DNA extraction was taken. Genomic DNA was extracted 
from 0.35 g cecal digesta using a protocol described previously (Dumonceaux et al., 2006a). The 
DNA concentration of each sample was quantified using UV absorbance (NanoDrop® ND-1000 
spectrophotometer; NanoDrop Technologies, Inc., Wilmington, USA). The DNA concentrations 
were adjusted to 2-5 ng/μL with double-distilled water and 1:100 dilutions of them were used as 
template in PCR reactions. A fragment of the 16S rRNA gene was amplified from the isolated 
DNA using the universal forward primer Bact-8F(5’-AGAGTTTGATCCTGGCTCAG-3’) 
labeled at the 5’ end with 6-carboxyfluorescein, and the reverse primer 926r (5’- GTCAATTCC 
TTTRAGTTT-3’) (Dicksved et al., 2007). The PCR reaction contained 5 l of 10x PCR reaction 
buffer (Invitrogen, Burlington, ON), 1.5 mM MgCl2, 0.24 M of each primer, 0.2 mM each of a 
deoxynucleoside triphosphate (dNTP)mixture , 2.5 U of Taq polymerase (Invitrogen, Burlington, 
ON), and UV-exposed DNA-grade water, (Fisher Scientific) was added until the volume was 50 
L. The amplification program was performed as an initial denaturing step of 94°C for 5 min 
followed by 35 cycles of 94°C for 40 s, 55°C for 40 s, 72°C for 60 s and a final extension of 7 
min at 72°C. 
PCR product size and specificity were checked by electrophoresis of an aliquot in a 1.5% 
agarose gel stained with ethidium bromide. Remaining PCR product was purified using 
QIAquick PCR purification kit (Qiagen, Ontario, Canada) according to the manufacturer’s 
protocol. DNA concentration of purified product was measured by absorbance at 260 nm using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc). 
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For the TRFLP analysis, 200 ng of the purified PCR product was digested at 37oC 
overnight using 15 U of MspI (Fermentas, Burlington, Canada), and 2 L of 10X reaction buffer 
in a total volume of 20 L. Digested PCR product (2 L) was then mixed with 9 L of 
formamide and 0.5 L of internal standard (ABI GeneScan 600 LIZ size standard) and the 
reaction mixture was denaturated at 95oC for 5 min. This was followed by immediately cooling 
on ice for 2 min. The lengths of the fluorescently-labelled terminal restriction fragments (TRFs) 
were analyzed by the ABI PRISM 3130 genetic analyser (Applied Biosystems, USA) in gene 
scan mode and the T-RFLP profiles were analyzed using GeneMapper software (Version 3.7; 
Applied Biosystems, USA). The sizes of the fluorescently labeled fragments (in base pairs) were 
determined by comparison with the internal standard (ABI). Therefore, the data of the analysed 
samples consisted of size (base pairs) and peak area for each TRF. Peaks less than 4 base pairs 
apart were binned and normalized using the sum of total peak area. Relative peak areas of each 
TRF were obtained by dividing the area of the peak of interest by the total area of peaks within 
the lower threshold at 20 bp and an upper threshold at 600 bp. Peaks less than 1% of the total 
area were excluded from further analysis. The profiles of TRF relative peak area for each sample 
were imported into Bionumerics software (version 5.1, Applied Maths, Austin, TX, USA) and 
unweighted pair-group method with arithmetic mean (UPGMA) was used to cluster profiles 
using the dice similarity coefficient with area sensitivity. 
The Shannon-Weiner diversity index (Shannon, 1948) was calculated using the formula 
shown (Equation 1.1) below in which pi  represents the proportion of a species i present in a 
sample of n different species. The value for the pi was calculated as the proportion of an 
individual peak area relative to the sum of all peak areas.  
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Shannon Index (H) = -  Σ Pi  ln Pi ……………………………………….………………………………………Equation1.1 
 
The Simpson’s index of diversity (Simpson, 1949) was calculated using Equation 1.2. 
Simpson’s index of diversity (D) = 1-∑ (Pi) 2………...…...………………………… Equation 1.2 
 
Evenness (Margalef, 1957) was calculated using Shannon-Weiner index based on 
Equation 1.3, where Hmax =log2(S). 
Evenness (E) = H/Hmax …………………………………………………….…………………….. Equation1.3 
H = Shannon Index of general diversity; S= Number of species.  
 
 
3.2.8 Statistical Analysis 
After adjustments for contamination and the poor hatch rate the experiment was a 3 X 2 
factorial arrangement. Sources of variation in the statistical model included fixed main effects of 
microbial status (conventionalized, mono-associated, and germ-free), diet (with or without MOS) 
and their interaction. The PROC GLM procedure of SAS (SAS Institute, Cary, NC; Version 9.2) 
was used for statistical analysis of all parameters using bird as the experimental unit. Differences 
were considered significant at P <0.05.Values reported are means and pooled standard error of 
means (SEM).  
 
 
 
 
i=1 
 n 
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3.3 Results 
3.3.1 Confirmation of microbial status  
Colony counts and morphology for cecal contents from birds in the conventionalized 
isolator (Isolator 3, Table 2) were consistent with a diverse and abundant conventional 
microbiota. Further, no colony growth was observed for birds reared in Isolator 1 consistent with 
germ-free status.  In Isolator 2 (Table 2), bacterial growth was observed on culture of cecal 
contents on aerobic blood agar. Total aerobic counts ranged from 101-103 cfu/g cecal contents 
and no growth was observed in anaerobic agar. Colony morphology was uniform and Gram-
staining of several colonies indicated single cell morphology and type. The nucleotide sequence 
of the cpn60 UT amplified from selected colonies (n=10) were identical having the highest 
sequence identity (87%) within cpnDB to a member of the Acinetobacter species. Bacteria in the 
genus Acinetobacter are strictly aerobic, Gram-negative proteobacteria ubiquitous in nature and 
commonly found on or in soil, water, animals and humans (Vaneechoutte, et al., 2011). The 
microbial status of this isolator was therefore designated as monoassociated and the experiment 
analyzed as a 3X2 factorial arrangement including microbial status; germfree (GF), mono-
associated (Mono) and conventionalionalized (CV) and dietary supplementation (NC or MOS).  
 
3.3.2 Growth performance and gross morphology 
The effects of microbial status and dietary MOS supplementation on body weight (BW), 
internal organ (liver, spleen and bursa of Fabricus) weight and small intestinal segment 
(duodenum, jejunum and ileum) length in broiler chicks at day 7 are summarized in Table 4. 
Initial body weight of day 1 old chicks could not be measured under the sterile hatch conditions 
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employed.   Microbial status significantly affected the final body weight of chicks. 
Monoassociated chicks were heavier than the CV birds (P<0.05) whereas GF birds were 
intermediate.  
 Relative bursa weight was greater (P<0.05) in CV and Mono birds compared to germ-free 
(GF) birds. Relative weight of liver and spleen was not affected (P>0.05) by microbial status. 
Relative length of duodenum and ileum was greater (P<0.05) in CV chicks compared with GF 
chicks whereas these segments were intermediate in relative length in mono-associated birds. 
Dietary supplementation with MOS tended (P =0.08) to increase the relative bursa weight, 
however, no other effects of MOS on gross parameters were observed.
  
Table 3. Effect of microbial status and MOS supplementation on live body weight (BW), relative weight of selected visceral organs 
and relative length of small intestinal segments in gnotobiotic broiler chicks at 7 days of age. 
Treatment BW (g)  Relative weight of organs*  Relative length of SI segments‡ 
 Liver (%) Spleen (%) Bursa (%)  Duodenum 
(cm/g)  
Jejunum 
(cm/g) 
Ileum 
(cm/g) 
          
Microbial status1          
CV 129 b  3.96 0.06 0.14 a  0.11 a          0.28 0.23 a 
Mono 147 a  3.94 0.09 0.12 a  0.10ab          0.25 0.21 b 
GF 144ab  4.05 0.05 0.08 b  0.09 b          0.25 0.20 b 
          
Diet2          
NC  142  4.08 0.08        0.10             0.09           0.27          0.21 
MOS  138  3.89 0.06        0.12             0.10           0.25          0.22 
          
Pooled SEM 3.18  0.08 0.01         0.01              0.002            0.006            0.005 
          
P-value          
Microbial status 0.04  0.88 0.35 0.00  0.00 0.09 0.01 
Diet 0.49  0.29 0.42 0.08  0.06 0.22 0.17 
Microbial status × Diet 0.47  0.58 0.24 0.19  0.54 0.89 0.65 
* Relative weight of visceral organs represents the organ weight expressed as a percentage of body weight. 
‡ Relative intestinal lengths represent the length of the duodenum, jejunum and ileum as a percentage of body weight. 
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values in a column not sharing a common superscript differ (P<0.05). 
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3.3.3 Mucosal morphology in ileum 
Ileal mucosal morphology measured on day 7 is shown in Table 5. There was a 
significant interaction of microbial status by diet for VH and VSA (Table 5; Figure 1; P<0.05) 
such that MOS supplementation increased these parameters in CV and monoassociated birds 
whereas MOS reduced these parameters in GF birds. The main effect of microbial status was 
significant for CD, VCR, and LPA. Crypt depth was reduced in GF compared to CV chickens 
with Mono birds demonstrating an intermediate value (Table 5; P<0.05). Accordingly, VCR was 
highest in GF and lowest in CV (P<0.05). The LPA value was lower (P<0.05) in GF versus CV 
and Mono, which were similar. MOS supplementation did not affect CD, VCR or LPA.     
Table 4. Effects of microbial status and MOS on histomorphological parameters of the 
ileum in gnotobiotic broiler chicks at 7 days of age. 
Treatment Histomorphometric parameter¶ 
 VH        
µm 
CD 
µm 
VCR VSA  
µm2 
LPA 
µm2 
      
Microbial status1      
CV 347 95 a 3.83 b 42 600 13 300 a 
Mono 345 91ab 4.01ab 42 400 13 100 a 
GF 333 83 b 4.23 a 37 900   9 900 b 
      
Diet2      
NC 340 90 4.06 40 600 12 300 
MOS 343 89 3.98 41 400 11 800 
      
Pooled SEM 3.38 1.31 0.06 768 310 
      
P-value      
Microbial status 0.28 0.00 0.03 0.05 0.00 
Diet 0.67 0.83 0.53 0.63 0.37 
Microbial status×Diet 0.00 0.17 0.07 0.02 0.17 
¶  VH,Villus height; CD, Crypt depth ;VCR, Villus crypt ratio; VSA, Villus surface area; 
LPA, Lamina propria area and  LP/SA, Lamina propria area to villus surface area ratio.  
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values in a column not sharing a common superscript differ (P<0.05). 
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Figure 1. Illustration of the interaction between microbial status and MOS supplementation on 
villus height (panel A) and villus surface area (panel B). Conventionalized (CV), monoassociated 
(Mono) and germ-free (GF) broilers were fed basal diet (NC) or the basal diet supplemented with 
mannan oligosaccharides (MOS). 
 a-b Bars not sharing common letters in a single plot are significantly different (P<0.05).  
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3.3.4 Expression of House Keeping Genes 
A number of housekeeping genes were evaluated for normalization of expression of 
genes of interest. Four housekeeping genes in ileal tissue, including GAPDH, PRDX6, 18S 
ribosomal RNA subunit, and β-actin, were evaluated (Table 6). When selected house keeping 
genes were expressed as arbitrary units per µg total RNA (used for transcription of cDNA), no 
significant effect of microbial status was observed. However, for all four housekeeping genes 
examined, dietary supplementation of MOS significantly (P < 0.05) increased ileal expression. 
This result was observed using 3 different preparations of cDNA prepared from independent 
RNA extractions in qPCR assays conducted by different individuals (data not shown). In 
contrast, expressions of GAPDH and PRDX6 in cecal tissues were not significantly affected by 
either microbial status or MOS supplementation when expressed per µg total RNA (Table 6). 
  
Table 5. Effect of microbial status and MOS on expression of housekeeping genes in ileum and cecum in gnotobiotic broiler 
chicks at 7 days of age. 
Treatment Gene of interest¶ 
Ileum  Cecum 
GAPDH* PRDX6* 18S* Beta- actin*  GAPDH* PRDX6* 
        
Microbial status1        
CV 132 108 99 147  246 947 
Mono 136 134 91 130  238 785 
GF 176 191 105 164  258 794 
        
Diet2        
NC 84b 55b 72b 85b  235 775 
MOS 213a 234a 125a 209a  260 909 
        
Pooled SEM 21.8 28.8 8.34 14.1  10.5 57.4 
        
P-value        
Microbial status 0.65 0.48 0.80 0.47  0.76 0.43 
Diet 0.00 0.00 0.00 0.00  0.27 0.28 
Microbial status Diet 0.29 0.49 0.98 0.60  0.40 0.96 
¶ GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; PRDX6, Peroxiredoxin-6; 18S, 18S ribosomal RNA. 
*Means are expressed as arbitrary units per µg total RNA. 
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values within a column for each main effect not sharing a common superscript are significantly different P<0.05). 
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3.3.5 Expression of PCNA and Caspase-3 activity  
 Expression of PCNA and activity of caspase-3 were measured as indicators of mucosal 
proliferation and apoptosis, respectively (Table 7). Abundance of PCNA mRNA in ileum and 
cecum was not influenced by microbial status when expressed per µg total RNA. But PCNA 
transcript abundance in ileum was significantly increased in CV and Mono compared to GF birds 
when it was normalized to mean expression of GAPDH and PRDX6. Observations on the effect 
of dietary supplementation with MOS on PCNA expression were consistent between ileum and 
cecum. Supplementation with MOS significantly increased (P < 0.05) PCNA expression per unit 
total RNA in both locations, however, after normalization to mean GAPDH/PRDX6 expression, 
no effect of MOS on PCNA was observed. Caspase-3 activity in ileum was numerically higher in 
CV and Mono birds compared with GF birds, but differences were not statistically significant   
(P =0.173). Similarly, no significant differences of Caspase-3 activity in cecum were observed. 
  
Table 6. Effect of microbial status and MOS on PCNA transcript abundance and caspase-3 activity in ileum and cecum of 
gnotobiotic broiler chicks at 7 days of age. 
Treatment Ileum  Cecum 
PCNA* 
per unit 
RNA 
PCNA‡ 
per unit HK 
genes 
Caspase-3 
µmol/ 
g protein/min 
 PCNA* 
per unit 
RNA 
PCNA‡ 
per unit HK 
genes 
Caspase-3 
µmol/ 
g protein/min 
        
Microbial status1        
CV 100 903a 6.23  871 145 8.89 
Mono 93 785a 6.59  746 156 6.69 
GF 81 418b 2.73  824 180 7.03 
        
Diet2        
NC 50b 711 5.11  708b 154 6.98 
MOS 134a 694 5.25        920a 167 8.10 
        
Pooled SEM    12.8 58 0.85  45.3 10.8 0.63 
        
P-value        
Microbial status 0.79 0.00 0.17  0.44 0.47 0.30 
Diet 0.00 0.87 0.94  0.02 0.59 0.41 
Microbial status Diet 0.44 0.32 0.53  0.13 0.27 0.49 
*Means are expressed as arbitrary units per µg total RNA. 
‡Means are expressed as arbitrary units per µg total RNA for gene of interest divided by the mean arbitrary units per µg total 
RNA for housekeeping (HK) genes GAPDH and PRDX6. 
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values within a column for each main effect not sharing a common superscript are significantly different (p<0.05). 
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3.3.6 Immune modulation 
Expression of TLR2, TLR4, IL8 and Gal6 was measured to assess treatment responses 
associated with microbial sensing and immune response.  In the ileum and cecum, microbial 
status did not significantly affect the mRNA abundance of TLR2, TLR4, IL8 and Gal6 (Table 8; 
Table 9: P>0.05) regardless of normalization to total RNA or housekeeping gene abundance. In 
the ileum, dietary supplementation with MOS significantly (P < 0.5) increased TLR4, IL-8 and 
Gal6 and tended (P < 0.10) to increase TLR2 when expressed per unit total RNA. However, the 
effect of MOS was not significant when the transcript abundance of these genes were expressed 
per unit of housekeeping genes. In cecum, supplementation with MOS did not affect expression 
of TLR2, TLR4 or IL8, when expressed per unit total RNA or normalized to housekeeping 
genes. In the case of Gal6, increased (P<0.05) expression was observed in response to MOS 
supplementation when expressed per unit total RNA, but not when normalized to expression of 
housekeeping genes.     
 
3.3.7 Ileal brush- border membrane enzyme activity and nutrient absorption 
Neither microbial status nor diet significantly affected the enzyme activity of sucrase, 
maltase and APN in the ileum (Table 10). Also, microbial status did not affect the mRNA 
abundance of selected brush border enzymes (MGA and APN) or nutrient transporters (SGLT-1 
and PepT-1) in the present study (P>0.05). Sucrase-isomaltase transcript abundance was below 
the level of quantification (a threshold cycle of less than 35) using the primers identified in Table 
10.  
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However, chicks fed a diet supplemented with MOS had significantly (P <0.05) higher 
quantities of mRNA for APN, SGLT-1 and PepT-1 but not MGA, compared with chicks fed with 
control diet when expressed per unit total RNA. Maltase glucoamylase and APN transcript 
abundance were significantly increased in CV birds compared to GF birds after normalization to 
per unit of housekeeping genes. Also MGA was increased in MOS fed birds compared to the 
birds fed control diet when it is normalized to housekeeping genes. 
  
Table 7. Effects of microbial status and MOS on the transcript abundance of immune-related genes in ileum of gnotobiotic 
broiler chicks at 7 days of age. 
Treatment Gene of interest¶ 
Per unit total RNA*  Per unit HK gene‡ 
TLR2 TLR4 IL8 Gal6  TLR2 TLR4 IL8 Gal6 
          
Microbial status1          
CV 164 326       875       106        102 407 143 89 
Mono 136   282       525       135        92 332 35 126 
GF 137   381       591       124        55 253 28 59 
          
Diet2          
NC 67      200b 384b 52b  69 378 84 88 
MOS 225 459a       944a       191a        97 283 54 95 
          
Pooled SEM 38.3 36.1        120  21.1  17 48 30 14 
          
P-value          
Microbial status 0.94 0.49 0.38 0.80  0.57 0.50 0.23 0.30 
Diet 0.06 0.00 0.04 0.00  0.48 0.38 0.68 0.84 
Microbial status ×Diet 0.87 0.06 0.37 0.63  0.30 0.43 0.52 0.19 
¶ TLR2, Toll like receptor 2; TLR4, Toll like receptor 4; IL8, Interleukin 8; Gal6, Gallinacin 6. 
*Means are expressed as arbitrary units per µg total RNA. 
‡Means are expressed as arbitrary units per µg total RNA for gene of interest divided by the mean arbitrary units per µg total 
RNA for housekeeping (HK) genes GAPDH and PRDX6. 
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values within a column for each main effect not sharing a common superscript are significantly different (p<0.05). 
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Table 8. Effects of microbial status and MOS on the transcript abundance of immune-related genes in cecum of gnotobiotic 
broiler chicks at 7 days of age. 
Treatment Gene of interest¶ 
Per unit total RNA*  Per unit HK gene‡ 
TLR2 TLR4 IL8 Gal6  TLR2 TLR4 IL8 Gal6 
          
Microbial status1          
CV 436 635 886 88  75       105       160       159       
Mono 461 604 527 77  94      122       98       163       
GF 493 593 603 99  105 138       96       217       
          
Diet2          
NC 397 525 772 70b  85       120       141 161       
MOS 529 696 572 106a  97       124       95       199       
          
Pooled SEM 35.4 54.1 80.3 5.51  6.24 8.48 17.3 12.9 
          
P-value          
Microbial status 0.81 0.94 0.14 0.22  0.15 0.36 0.19 0.18 
Diet 0.08 0.14 0.26 0.00  0.32 0.81 0.20 0.15 
Microbial status ×Diet 0.48 0.10 0.83 0.40  0.31 0.36 0.28 0.43 
¶ TLR2, Toll like receptor 2; TLR4, Toll like receptor 4; IL8, Interleukin 8; Gal6, Gallinacin 6. 
* Means are expressed as arbitrary units per µg total RNA. 
‡  Means are expressed as arbitrary units per µg total RNA for gene of interest divided by the mean arbitrary units per µg total   
   RNA for housekeeping (HK) genes GAPDH and PRDX6.           
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values within a column for each main effect not sharing a common superscript are significantly different (p<0.05). 
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Table 9. Effects of microbial status and MOS on brush border enzyme activity in ileum 
of gnotobiotic broiler chicks at 7 days of age. 
Treatment Enzyme activity 
(µmol/g protein/min) 
Sucrase Maltase APN 
Microbial status1    
CV 59 152 33 
Mono 59 139 34 
GF 61 173 33 
    
Diet2    
NC 60 148 33 
MOS 60 161 33 
    
Pooled SEM 2.6 6.11 1.1 
    
P-value    
Microbial status 0.96 0.12 0.93 
Diet 0.99 0.28 0.98 
Microbial status ×Diet 0.59 0.62 0.32 
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
 
 
 
 
 
 
 
 
  
Table 10. Effect of microbial status and MOS on the transcript abundance of brush border enzymes and nutrient transporters 
in ileum of gnotobiotic broiler chicks at 7 days of age. 
Treatment Gene of interest¶                                                          
(per unit total RNA)*  (per unit HK gene) ‡ 
MGA APN SGLT-1 PepT-1  MGA APN SGLT-1 PepT-1 
Microbial status1          
CV 71      134      39      143       584 a 124 a 337 163 
Mono 38      118       39      151         369ab 80ab 369 143 
GF 51      132       64      175        256 b 71 b 251 85 
          
Diet2          
NC 45      56b       24b      82b        515a 89 344 124 
MOS 61      201a 71a      230a        291b 94 293 136 
          
Pooled SEM 11.5 20.3 11.1 26.5  50.3 7.72 29.1 19.9 
          
P-value          
Microbial status 0.50 0.92 0.59 0.87  0.01 0.01 0.35 0.37 
Diet 0.56 0.00 0.04 0.01  0.01 0.79 0.41 0.79 
Microbial status ×Diet 0.60 0.32 0.36 0.10  0.16 0.56 0.23 0.25 
¶ MGA, maltase glucoamylase and APN, aminopeptidase-N; SGLT-1, sodium-glucose cotransporter1; PepT-1, peptide 
transporter1. 
* Means are expressed as arbitrary units per µg total RNA. 
‡  Means are expressed as arbitrary units per µg total RNA for gene of interest divided by the mean arbitrary units per           
  µg total RNA for housekeeping (HK) genes GAPDH and PRDX6.   
1 CV, conventionalized (n=19); Mono, mono-associated (n=13); GF, germ-free (n=10). 
2 NC, negative control (n=19); MOS, 2 g/kg Bio-Mos (n=23). 
a,b Mean values within a column for each main effect not sharing a common superscript are significantly different (p<0.05). 
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3.3.8 Comparison of bacterial communities  
TRFLP analysis of the cecal microbial profile was conducted to compare community 
composition between conventionalized isolator-reared birds and birds reared in battery cages in a 
conventional environment. Clustering of TRFLP banding patterns identified a distinct microbial 
profile in conventionalized isolator-reared birds and conventionally reared birds (Figure 2). 
Conventionalized-isolator-reared birds formed a single cluster, whereas conventional birds 
formed two distinct clusters although one of these contained only 3 birds. No evidence of 
clustering of TRFLP profile was evident associated with MOS supplementation.  Surprisingly, 
all indices indicated that microbial communities in conventionalized isolator-reared birds were 
more diverse than in conventionally reared birds (Table 13). Microbial diversity indices were not 
affected by MOS supplementation.
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Table 112. Diversity indices calculated from TRFLP banding patterns in cecal contents 
taken from conventionalized isolator-reared birds conventionally reared birds 
Treatment Diversity Index 
Richness Evenness Shannon Simpson 
Experimental environment1     
Isolator  18       0.61      2.51      0.89      
Conventional 13       0.53      1.98      0.77      
     
Diet2     
NC 15       0.57      2.28      0.84      
MOS 16       0.57      2.20      0.83      
     
Pooled SEM 0.52 0.01 0.07 0.02 
     
P-value     
Microbial status 0.00 0.00 0.00 0.00 
Diet 0.14 0.77 0.46 0.80 
Microbial status×Diet 0.33 0.89 0.87 0.96 
 
1 Two Experimental environments included Isolator: Conventionalized birds reared in an 
isolator, Conventional: conventional birds reared in a conventional environment 
2 Two experimental diets: NC, negative control; MOS, 2 g/kg Bio-Mos. 
a,b Mean values within a column not sharing a common superscript are significantly 
different (p<0.05). 
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Figure 2. Dendogram comparing the bacterial profile between conventionalized isolator-reared 
birds (I) and conventionally reared birds (C) using TRFLP banding patterns.   
Profiles from birds fed the control diet and MOS supplemented diets are labelled ‘NC’ and 
‘MOS’ respectively. 
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3.4 Discussion 
In poultry, the intestinal microbial community which is established during the first few 
weeks post-hatch undergoes major changes demonstrating increased diversity with age 
(Knarreborg et al., 2002; Lu et al., 2003).  Microbial succession stimulates the development of 
the gut including modulating the acquired immune system (Falk et al., 1998; Macpherson and 
Harris, 2004; Rakoff-Nahoum et al., 2004), the integrity of the intestinal barrier (Sommer and 
Baeckhed, 2013) and the assimilation of nutrients (Smith et al., 2007; Musso et al., 2011; 
Krajmalnik-Brown et al., 2012). A number of mechanisms permit sensing of microbiota by the 
host and changes to GI function. These include host sampling of bacterial antigens, recognition 
of microbiota-associated molecular patterns by host receptors, recognition and metabolism of 
bioactive fermentation products and effector molecules derived from microbes (Willing and Van 
Kessel, 2010). Interestingly, in the present study, comparison of germ-free and conventionalized 
birds did not identify marked physiological responses to microbial colonization as reported in 
mammals (Abrams et al., 1963; Kawai and Morotomi, 1978; Shirkey et al., 2006).  
Mannan oligosaccharides (MOS) derived from outer cell wall of Saccharomyces 
cerevisiae, has been studied as an alternative to AGP in farm animal production. Dietary addition 
of MOS has been shown to elicit specific changes in the GIT including microbial composition, 
morphology, nutrient digestibility, and immune response in different species including broilers.  
Results of the current work suggest MOS actions in the host are mediated in part by direct effects 
on the mucosa rather than modulation in intestinal microbial community composition.  
Although necessitated by microbial contamination and an unexpectedly poor hatch rate, 
two major compromises are evident in the revised experimental design and suggest caution in 
data interpretation.  Firstly, our observations are limted to a relatively small number of birds and, 
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although data was confirmed as normally distributed, statistical robustness was limited. Further, 
the effect of microbial status was confounded by environment in each isolator such that isolator-
to-isolator variation was confounded with variation due to microbial status. Indeed, statistical 
principals would normally require that isolator be considered the experimental unit; however, 
replication of isolator as the experimental unit would not be economically or logistically possible 
for the current model. 
   Although a small number of birds were used, and body weight at hatch could not be 
recorded, bodyweight at 7 days of age was greater in both monoassociated and germ-free birds 
compared with CV birds.  Increased rate of gain has been observed previously in gnotobiotic 
chickens (Furuse and Yokota, 1984b) and in gnotobiotic pigs (Shirkey et al., 2006). The 
performance advantage in germ-free animals has been assigned to reduced energy requirement 
for maintenance and/or higher nutrient uptake (Furuse and Okumura, 1994). Thus, the GF host is 
anticipated to have lower requirements associated with maintaining gut barrier function and 
detoxification of fermentation products (Furuse and Okumura, 1994; Salter et al., 1974), as well 
as potentially increased digestive and absorptive capacity associated with lower epithelial 
turnover (Corring et al., 1981; Gabriel et al., 2006). Reduced relative organ size observed in 
germ-free birds in this study supports the hypothesis of reduced maintenance nutrient 
requirements, but surprisingly, despite these significant differences in organ size, there was very 
little evidence in the present study of marked physiological changes in the GIT mucosa.   
The liver, spleen, bursa of fabricius and intestines are vital organs in the inflammatory 
immune response (Roura et al., 1992) and are responsible for acute phase protein synthesis, 
lymphocyte activation, antibody production, and antigen sampling (Abbas et al., 2000). 
Therefore, it is expected that lymphoid organs tend to be smaller in germ free animals than in 
86 
 
conventional animals (Gordon et al., 1966; Olson and Wostmann, 1966; Bauer, 1968). The 
elevated size of the bursa in CV birds is consistent with markedly higher immune stimulation in 
the presence of commensal antigens in the intestine of CV birds which may indirectly induce the 
activity of the bursa (Ratcliffe, 2006). Gastrointestinal microbiota and their fermentation 
products also influence the size of the liver (Jozefiak et al., 2006), which was evident by a 
previous report of reduced liver weight in germ free vs. conventional chickens (Muramatsu et al., 
1983). There was no significant difference for relative weight of spleen between CV and GF 
chicks in agreement with others (Thorbecke et al., 1957; Hegde et al., 1982) despite the role of 
this organ in immune response. 
The relative lengths of the small intestinal segments were decreased in GF and 
monoassociated birds compared with their CV counterpart. In agreement with our findings, 
Furuse and Yokota (1984a) reported that the absolute and relative lengths of the small intestine 
in germ free chickens were lower than those of comparable conventional animals. Also, some 
studies have revealed that the presence of antibiotics in animal feed reduces the length of the 
small intestine (Gordon and Brucknerkardoss, 1961; Miles et al., 2006). However, the exact 
mechanism by which gut microbiota influence intestinal length is unknown. Shirkey et al. (2006) 
hypothesized that the increased intestinal length in conventional pigs may be a compensatory 
response to increase the absorptive capacity to increase intestinal surface area and/or to increase 
the competition with microbiota for nutrient absorption. Further, the production of glucagon-like 
peptide-2 (GLP-2), a trophic factor specific for the bowel (Drucker et al., 1996) stimulated by the 
microbial fermentation product, butyrate (Tappenden et al., 2003), may contribute to the 
increased length in CV gut (Lovshin et al., 2000). 
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Compared with mammals, morphometric changes in the intestinal mucosa are remarkably 
small in the germ-free chicken. Gnotobiotic studies in mice (Abrams et al., 1963; Khoury et al., 
1969), rats (Meslin and Guenet, 1973) and pigs (Kenworth.R, 1967; Coates, 1980; Willing and 
Van Kessel, 2007) report dramatic differences in mucosal morphology including villus height, 
crypt depth and width.  Only a small although significant decrease in CD and increase in VCR 
were observed in GF (not monoassociated birds) compared with CV birds in this study.  No 
change in villus height was observed. These observations are generally consistent with previous 
reports comparing germ-free and conventional birds (Cook and Bird, 1973; Rolls et al., 1978).  
A unique feature of poultry is that enterocyte proliferation occurs in both crypts and 
along the length of the villi (Uni et al., 1998b; Geyra et al., 2001b; Noy et al., 2001) in contrast 
to mammals where cell proliferation is restricted to the crypts. Our finding of reduced crypt 
depth and higher VCR in GF chicks suggest reduced cell turnover in GF animals compared to 
CV animals similar to observed in mammals. The abundance of PCNA transcripts represents the 
total mitotic cells present in the mucosa, including the epithelial population and lamina propria 
cells.  Changes in ileal mucosal morphometry, which suggested increased epithelial turnover, 
were partly supported by increased PCNA transcript abundance in CV chicks when normalized 
to GAPDH and PRDX6 expression. This is in agreement with previous reports in chickens 
(Cook and Bird, 1973), mice (Abrams et al., 1963) and pigs (Abrams et al., 1963; Willing and 
Van Kessel, 2007) where conventional animals have shown increased intestinal epithelial 
proliferation compared to their germ-free counterparts.  
The increased enterocyte proliferation may be a response mechanism to replace the 
mature enterocytes which were lost in the presence of intestinal microbiota. Bacteria may alter 
the enterocyte replacement rate by different mechanisms inducing the expression of 
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enterotrophic factors (Sakata, 1987; Siggers et al., 2008), the stimulation of local physiological 
inflammatory response (Shirkey et al., 2006) which in turn stimulates cell proliferation (Corredor 
et al., 2003) or by releasing enterotoxic bacterial metabolites such as ammonia (Visek, 1978a; 
Suzuki et al., 2002). Also the resident bacteria positively influence epithelial cell differentiation 
and proliferation in the intestine through the production of SCFA (Shanahan, 2002). It is 
however, curious that the low microbial load associated with mono-association did not result in 
morphological change or reduced PCNA expression. Further, while we did not collect 
morphological data on the cecum, this area of high microbial colonization under conventional 
conditions, did not demonstrate altered expression of PCNA.  
Neither the ileum nor cecum showed evidence of alteration in apoptotic activity as assessed 
by the activity of caspase-3. Caspases play a vital role in the execution-phase of cell apoptosis 
(Nicholson and Thornberry, 1997), thus they contribute to the maintenance of homeostasis in the 
intestine. Numerous studies have confirmed the ability of intestinal bacteria to activate the 
caspase cascade (Rose et al., 1998; Akhter et al., 2009; Rolli et al., 2010; Behar et al., 2011). The 
lack of effect of microbial status on caspase-3 activity is consistent with the unremarkable 
changes in mucosal morphology observed in the chicken and the implication that the avian 
mucosa is less responsive to a commensal microbiota. On the other hand caspase may be a less 
reliable marker in the bird due to several mechanisms including a  1)  phagocytosis mechanism 
of neighboring parenchymal cells which clear the apoptotic cells quickly (Coles et al., 1993) 
and/or  2) the possibility of  a caspase-independent death program(s) in enterocytes (McCarthy et 
al., 1997; Miller et al., 1997; Sarin et al., 1997; Lavoie et al., 1998; Weil et al., 1998). There is 
increasing evidence that caspase-3 performs a significant role in mediating non-apoptotic 
functions including modulation of intestinal cellular growth (Lamkanfi et al., 2007; Yan et al., 
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2001). Further, it has been reported that certain microbiota in CV birds may inhibit enterocyte 
apoptosis (Hausmann, 2010; Ohland and MacNaughton, 2010). 
The development of immune competence in birds during the immediate post-hatch period 
is very critical, since chicks are immediately exposed to feed and microbial antigens. The studies 
using germ-free animal models and bursectomized or bursal duct-ligated chickens, reported that 
gut microbiota is essential for the GALT development (Thorbecke et al., 1957; Hegde et al., 
1982; Ekino et al., 1985) . 
The lamina propria can provide some insight into the intestinal immune status of the 
animal. The physiological inflammation due to colonizing gut microbiota has been determined 
by cellular infiltrates in the intestinal tract during the immediate post-hatch period (Lillehoj and 
Chung, 1992; Van Immerseel et al., 2002; Bar-Shira et al., 2003). Further, the delayed immune 
cell development, including lymphocytes in the lamina propria, was reported in germ-free birds 
compared with conventionally reared animals (Berg and Savage, 1975; Rothkotter et al., 1994; 
Umesaki et al., 1999; Gaskins, 2003). Our finding of greater LPA in CV birds compared to the 
GF and Mono birds is consistent with the notion that increased immune cell infiltration and 
thickening of lamina propria occurs in the presence of GIT microbiota. The lamina propria area 
was markedly reduced in GF chickens, probably reflecting reduced leukocyte infiltration. This 
response was only observed compared with GF and not monoassociated chickens, which were 
somewhat surprising. However, the increase in lamina propria area was not correlated with any 
changes in mucosal inflammatory cytokine expression.  
The innate immune system of the GIT has a crucial role in sensing of invading pathogens 
and mounting of specific responses that eliminate or limit the infection effectively. Intestinal 
epithelial cells respond to signals from both apical and luminal compartments and are able to 
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discriminate between antigens on pathogens and those found on commensals or dietary elements 
that constitute antigenic material. Toll like receptors are the primary sensors of innate immune 
response which recognize PAMPs and subsequently initiate innate cellular responses and 
adaptive immune response to various pathogens. TLR2 has been shown to signal the presence of 
lipopeptides from Gram-positive bacteria or molecules on the bacterial and yeast cell wall, 
whereas TLR4 is the predominant receptor for LPS from Gram-negative organisms (de Paiva et 
al.,2011). Although various TLRs differ in their pathogen recognition, stimulation of their 
common signaling pathway results in inflammatory cytokine production and can stimulate β-
defensin expression by intestinal epithelial cells. The first line defense against invading 
pathogens and the antimicrobial activity executed by non-oxidative mechanisms make β-
defensins a key component of innate immunity in avian species (Sahl et al., 2005). Surprisingly, 
none of the four immune-related genes tested increased in expression in response to microbial 
colonization in the avian gut at day 7 post-hatch. 
 The TLR expression data in our study is in agreement with some gnotobiotic pig studies, 
including a recent study by George et al. (2012), which showed that there is no significant 
changes in both TLR2 and TLR4 among normal-fed, antibiotic-fed and gnotobiotic animal 
groups. In addition, a study by willing and Van Kessel, 2007 also reported that TLR4 was not 
significantly difference between CV and GF animals.  
Our results for immune related genes could be explained by the concept of intestinal 
homeostasis, a situation which pro-inflammatory response is either not generated or is rapidly 
controlled in the presence of normal flora. Intestinal homeostasis in chicken is assumed to be 
similar to that of mammals, although it has not been fully described (Brisbin et al., 2008). There 
are a number of mechanisms proposed for the mammalian gut to limit the response to 
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commensals. The presence of TLRs on intracellular and basolateral surfaces of IECs, but not on 
apical surface is assumed to be one of the important mechanisms in modulation of inflammatory 
response against resident bacteria. However expression pattern of TLRs in chickens have not 
been examined at the cellular level. Also, it is speculated that some cytokines such as 
transforming growth factor (TGF) – β (Monteleone et al., 2004) and interleukin (IL)-10 (Steidler 
et al., 2001) regulate the response of TLR-mediated pro-inflammatory signals in mammals. A 
similar anti-inflammatory function is evident in chicken intestinal cells producing TGF-β4 which 
is assumed to be involved in immune homeostasis (Withanage et al., 2005). In addition, 
enterocytes constitutively and inducibly expressed high levels of Toll-interacting protein 
(Tollip), an intracellular protein that inhibits TLRsignaling (Otte et al., 2004; Kalliomaki et al., 
2012; Zhu et al., 2012). Further, Tollip is directly associated with TLR2 and TLR4 (Zhang and 
Ghosh, 2002) and overexpression of Tollip inhibits TLR activation in intestinal cells after 
stimulation with LPS or lipotechoic acid (Otte et al., 2004). Although Tollip has been found in 
chicken, the role of the TLR signaling pathway in chicken enterocytes has received little 
attention. Another  TLR suppressor molecule named single immunoglobulin IL-1R related 
molecule (SIGIRR) was found in surface enterocytes to regulate the intestinal immune system 
balance between host mucosal defense and tolerance toward the resident  microflora (Garlanda et 
al., 2004). 
 Digestion and absorption of nutrients at an optimal level are vital for the growth, 
development and health of animals. In general, it is believed that germ-free animals have some 
characteristics (slower small intestine cell renewal, slower gastric emptying and intestinal transit 
time) which should lead to better utilization of the ingested diet (Wostmann, 1981). Brush border 
enzymes are differently expressed along the crypt-villus axis, which is evident by mature 
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enterocytes near the villus tip which have higher hydrolase enzyme activity compared with 
immature crypt cells with lower activity (Fan et al., 2001).  
Consistent with rather unremarkable changes in intestinal morphology and markers of 
cell proliferation and apoptosis in germ-free and conventional chickens, few changes in 
expression and activity of brush border hydrolases were observed. Indeed, only the normalized 
expression of maltase glucoamylase and aminopeptidase N were altered in GF and 
monoassociated birds. Oddly, expression of these hydrolases was reduced in germ-free birds 
without change in corresponding activity. We have previously noted a paradoxical reduction in 
expression of brush border hydrolases but increased activity in germ-free compared with 
conventional pigs (Willing and Van Kessel, 2009; Willing and Van Kessel, 2010). The response 
may reflect reduced microbial inactivation of brush border hydrolases in the germ-free state, 
contributing to a longer half-life on the enterocyte surface and thus reduced demand for 
transcription and synthesis. This is consistent with another study on chicks, which concluded that 
the presence of microbiota has no direct effect on small intestinal disaccharidase production 
(Siddons and Coates, 1972). However, these findings are in contrast to the findings of GF rats 
(Reddy et al., 1968; Kawai and Morotomi, 1978) and mice (Yolton et al., 1971) which had 
higher brush border enzymes including lactase, maltase, sucrase and alkaline phosphatase.  
Interpretation of small intestinal absorptive activity is not easy since previous reports 
obtained in germ-free and conventional animals of the same species are contradictory. Some 
studies report faster passive and carrier-facilitated absorption in GF small intestine (Heneghan, 
1963; Herskovi et al., 1967; Ford and Coates, 1971), while others found that there was no such 
clear-cut difference (Cole and Boyd, 1967; Wiech et al., 1967; Tennant et al., 1971). Intestinal 
nutrient transporters play a significant role in nutrient utilization and changes in intestinal 
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morphology observed here could indicate altered expression of nutrient transporters associated 
with changes in enterocyte maturity. Glucose, the major monosaccharide derived from most 
practical diets of farm animals, is absorbed through the brush border membrane by SGLT-
1(Wright, 1993). Another transport system in the intestine designated as PepT1, has an ability to 
handle every possible di- and tripeptide derived from dietary proteins (Adibi, 1997; Daniel, 
2004). Although we found no change in SGLT-1 or Pept1 expression, up-regulation of SGLT-1 
mRNA and protein in the small intestinal epithelium was found in GF compared with CV mice 
(Swartz et al., 2012). In contrast, (Hooper et al., 2001) reported that mouse intestinal 
colonization with gut microbiota induces the expression of SGLT1 in the ileum. Published data 
on the effects of microbial status on intestinal nutrient transporters in chickens are scarce. A 
study by (Hardin et al., 2000), observed an increased jejunal glucose transport following 
exposure to proinflammatory cytokines, but this was not associated with changes in the brush 
border expression of SGLT-1.   
The effect of microbial status on the gene expression data was markedly less than 
anticipated based on previous observations in pig experiments conducted in our lab. One possible 
explanation that we assumed was the conventionalization of GF birds in the isolators produced 
microbiota with lower diversity compared with real conventional birds.  Thus, a small 
conventional trial was conducted for comparative purposes. The results of the diversity indices 
and cluster analysis based on the TRFLP profiles of the 16SrRNA verified that there were two 
distinct bacterial populations among birds in the two trials. Further, the isolator reared birds were 
more diverse than the conventionally reared birds indicating our conventionalization model 
produced birds with microbioita at least as diverse as a conventional system. Interestingly, 
microbial composition among isolator reared birds was more similar than among conventionally 
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reared birds, consistent with the use of the single cecal inoculant in the isolators and the control 
of subsequent introduction of new environmental strains. Similar type of results were observed in 
two groups of pigs reared in outdoor (extensive) and indoor (intensive) environmental conditions 
(Mulder et al., 2009; Schmidt et al., 2011). These studies showed reduced microbial diversity in 
outdoor animals compared to indoor and isolator housed groups.  
Further, it is difficult to ensure that germ free animals are free from all exogenous 
antigenic stimuli since most diets contain dead organisms or other antigenic materials which 
provoke an immune response (Wostmann, 1971). Therefore, one other plausible explanation for 
the less remarkable effect of microbial status on the observed intestinal parameters may be the 
substantial antigenic, including microbial activity likely present in the diet.  This might contrast 
studies in pre-weaned mammals (e.g. the pig) fed milk-based diets. 
Stably expressed housekeeping genes are used as internal standards to correct for 
variation in RNA loading amount and quality. Unfortunately, housekeeping gene expression can 
vary considerably in some experimental contexts (Thellin et al., 1999; Bustin, 2000; Suzuki et 
al., 2000; Warrington et al., 2000). In our study, four housekeeping genes were tested for 
suitability to normalize expression data including GAPDH, PRDX6, 18S and beta-actin. 
Surprisingly, all housekeeping genes were up-regulated by dietary MOS in ileum tissue but not 
cecal tissue. MOS upregulation of ileal housekeeping genes was confirmed in separate 
preparations of total RNA, reverse transcribed cDNA and by independent technical hands. 
Significant influence of diet on the expression of mRNA for GAPDH and β-actin was also noted 
by Gilbert et al. (2008). According to their study, the expression of GAPDH and β-actin were 
greater in the chicks consuming corn gluten meal compared to the chicks consuming equal 
amounts of soybean meal. Further, it has been reported that nutritional manipulations can alter 
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GAPDH transcription in chicks (Mozdziak et al., 2003) and mouse (Sanllorenti et al., 1992) and 
rats (Yamada et al., 1997). While the challenges of selecting appropriate housekeeping genes is 
well described (Vandesompele, et al., 2002), the consistent upregulation by MOS in ileum only 
in the current study is perplexing. Whether this represents a general upregulation in ileal gene 
expression mediated by MOS or a biological or technical anomaly is not clear. Unfortunately, the 
finding complicates interpretation of expression data for genes of interest which have been 
presented both as corrected for mean expression for GAPDH and PRDX6 and per unit total RNA 
(Bustin, 2000) .   
Mannan oligosaccharide is an alternative antibiotic growth promotor that may either 
modify microbial composition or modify GI development directly by activating microbial 
sensing pathways. Further, MOS is reported to competitively bind to the type 1 fimbriae of 
pathogenic and opportunistic pathogenic bacteria and prevent them from attaching to the gut 
mucosa (Loddi et al., 2002). This may be one mechanism by which MOS improves resistance to 
enteric disease and it may save energy for body growth. In addition to directly inhibiting 
colonization of enteric pathogens (Oyofo et al., 1989b; Spring et al., 2000; Valancony et al., 
2001), other mechanisms of action of MOS include enhancing immunity (Ferket et al., 2002; 
Humphrey et al., 2002), improving the brush border mucin barrier (Iji et al., 2001c; Loddi et al., 
2002), increasing the integrity of gut mucosa (Sonmez and Eren, 1999; Ferket et al., 2002) and 
reducing enterocyte turnover (Kumprecht and Zobac, 1997; Hooge, 2004; Rosen, 2007).  
Dietary inclusion of MOS did not improve body weight of the chicks in the current study; 
however, the number of birds used was very small such that no conclusion can be drawn.  
Published reports on the utilization of MOS as a growth promoter in broiler diets are inconsistent 
(Hooge, 2004; Rosen, 2007; Yalcinkaya et al., 2008). Discrepancies in growth performance in 
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broilers are probably due to the different management conditions applied in each experiment 
including environment and diet composition. In our study, broiler chicks were reared in a very 
clean environment, exposed only to cecal material from a healthy bird. Thus, mechanisms 
associated with pathogen exclusion may not have contributed to growth benefit in this system 
(Podmaniczky et al., 2006). 
The effect of MOS on GIT development and the weight of visceral organs are not well 
elucidated. Iji et al., (2001c) reported that the weight of visceral organs (small intestine, pancreas 
and proventriculus/gizzard) of chicks did not differ between different inclusion levels of MOS 
(1, 3, 5 g/kg diet). Also, Yang et al. (2005) and Mohamed et al. (2008) reported that MOS 
treatments had no effect on the relative weight of small intestine, liver, gizzard, spleen and bursa. 
In agreement with those findings, we found that the selected relative organ weights of chicks 
were not influenced statistically by dietary MOS.  
The effect of dietary MOS supplementation on intestinal morphology was very limited. 
Only villus height was affected where MOS marginally increased height in the presence of 
microbiota (CV or Mono) but marginally reduced height in the absence of microbiota (GF).  
MOS has been reported to increase villus height in the small intestinal tissues of conventional 
broilers in several studies (Iji et al., 2001c; Baurhoo et al., 2007b; Yang et al., 2007a; Baurhoo et 
al., 2009). In the case of germ-free birds, MOS may have interacted with a mucosa that otherwise 
received little microbial stimulation, activating responses leading to a reduction in villus height.   
Increased VH correlates with enhancing digestive and absorptive capacity associated with 
more mature and presumably increased functional enterocytes (Stappenbeck et al., 2002). Effects 
of MOS on brush border enzyme activities in the ileum were investigated in our study. The 
specific activities of maltase and sucrase were not significantly affected by dietary addition of 
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MOS, which is in agreement with studies in ileum (Iji et al., 2001c) and jejunum (Yang et al., 
2007; Yang et al., 2008) of broilers fed MOS. This may be supported by another study by (Yang 
et al., 2008) that showed the lack of difference in heat production of broilers given MOS. The 
processes of digestion or secretion, absorption and nutrient metabolism are considered as most 
significant sources of heat increment in the gut. The absence of heat increment with MOS 
indicated the lack of elevated digestion and absorption in birds fed MOS (Yang et al., 2008). 
However, Iji et al. (2001c) has reported higher specific activities of maltase and leucine 
aminopeptidase in the jejunum of 28-day-old broiler chicken fed MOS at 3.0 gkg-1 diet. The 
authors speculated that the discrepancy between the jejunal and ileal data may be due to the 
relatively higher microbial digestion of oligosaccharides in ileum than in jejunum. Interpretation 
of gene expression data for genes associated with nutrient assimilation in response to MOS in the 
present study is very difficult given the MOS-associated increase in expression of house-keeping 
genes in ileum. Our results showed that MOS significantly increased the non-normalized 
transcription abundance in APN, SGLT1 and PepT1 which was lost when normalizing to HK 
genes. However, MOS-associated up-regulation was only evident in MGA when mRNA 
abundance is expressed per unit of housekeeping genes. Given the lack of changes in specific 
activity of mucosal hydrolases and the disagreement between gene expression response 
depending on normalizing method, conservative interpretation of our results suggest limited 
effects of MOS on nutrient digestion and absorption under conventional or germ-free conditions.   
The immune modulatory effect of MOS has been elucidated in different farm animal 
species including poultry (Cotter et al., 2000; Shashidhara and Devegowda, 2003; Cheled-Shoval 
et al., 2011; Yitbarek et al., 2012), swine (Podzorski et al., 1990; Newman and Newman, 2001; 
O'Quinn et al., 2001; Davis et al., 2002a) and cattle (Franklin et al., 2002; Franklin et al., 2005). 
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Mannose binding proteins are present in the blood serum which binds to the mannose containing 
structures of various viruses and bacteria invading the host (Newman, 1994).  
While there was no evidence an effect of MOS on microbial sensing through TLRs or 
induction of inflammatory response in the cecum, gene expression values in ileum for TLRs, IL-
8 and Gal6, were all upregulated when normalized to total RNA independent of microbial status. 
Normalization to HK genes negated this effect. The findings in the current study in elevated ileal 
TLR4 expression in the MOS group are in agreement with the reports from Cheled-Shoval et al. 
(2011) and Yitbarek et al. (2012). Higher expression of TLR4 has been observed in both ileum 
and cecum of Clostridium perfringens-challenged broiler chickens supplemented with MOS 
(Yitbarek et al., 2012). In ovo feeding of MOS to embryos 3d before hatch has been associated 
with increase intestinal TLR4 expression at day of hatch (Cheled-Shoval et al., 2011). Although 
TLR4 has been recognized as a principal receptor for LPS of Gram negative bacteria (Kannaki et 
al., 2010), it has been further implicated in identification of mannan components of 
Saccharomyces cerevisiae and Candida albicans (Tada et al., 2002). In addition, Sharma et al., 
(2010) reported that mannan components act as MAMPs (ligands) which especially activate 
TLR2 and TLR4. It has been reported that activation of TLR4 signaling is linked with induction 
of proinflammatory cytokine production (Hoshino et al., 1999; Hirschfeld et al., 2000). The IL8 
transcript abundance was greater in the ileum of MOS-fed broilers, thereby agreeing with the 
finding of increased TLR4 in the present study. Moreover, a previous study has shown that TLRs 
induced the expression of IL8 by chicken monocytes (He et al., 2011).  
Given the absence of an effect of MOS on immune-related genes in cecum, perhaps a MOS 
mediated increase in ileum is less likely. Regardless, if an increase in immunity-related gene 
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expression is considered, it occurred in both conventional and germ-free birds, suggesting direct 
action of MOS on the mucosa rather than mediation by changes in microbial composition. 
Interestingly, no effect of MOS was observed on TRFLP profile in the current study, 
whether fed in a conventional or an isolator environment. Diversity indices were not increased 
with MOS supplementation in both experiments. Therefore, the results of the present study do 
not support an impact of MOS intestinal microbial composition as a mechanism of action. 
However, a study conducted by Dimitroglou et al. (2010) revealed that MOS affected the 
intestinal microbial species richness and diversity in fish fed diets containing fishmeal. Further,  
several studies of poultry have demonstrated changes in microbial composition associated with 
MOS supplementation (Spring et al., 2000; Jamroz et al., 2003; Yang et al., 2008a,b).  
In conclusion, gross and morphometric changes observed in germ-free and 
monoasscoaited birds were consistent with reduced energy requirements for maintenance in 
germ-free birds compared with their conventional counterparts. However, the present experiment 
demonstrated that intestinal microbiota demonstrate a remarkably limited effect on the gross 
morphology and histology of broiler chicks at 7 days of age in contrast to more dramatic effects 
reported in mammallian species.  However, this finding is not inconsistent with other reports in 
birds. Microbial inoculation of isolator reared ex-germfree birds showed very limited activation 
of genes associated with immune or digestive function further underlying the contrast with 
reports of the marked influence of microbiota in mammals. It is unclear why the response to 
microbial colonization seems to be much more muted in the bird compared to mammals although 
there have been some reports that modern broilers have genetically lower immune 
responsiveness (Siegel et al., 1984; Siegel et al., 1989; Miller et al.,1992; Qureshi and 
Havenstein, 1994).  
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Observed physiological responses to MOS supplementation were apparent in both 
conventionalized and gnotobiotic (germ-free and monoassociated) birds. Significant interactions 
between MOS supplementation and microbial status were observed in villous morphology, but 
these also support direct effects of MOS, a microbial product, which produced a different 
response when other products (stimuli) of microbial origin were limited. Although difficult to 
interpret, gene expression data suggest MOS did alter gene expression. Further, no effect on 
MOS on the intestinal microbial population was observed using TRFLP. Therefore, we conclude 
that mannan oligosaccharides in broiler feed directly modify innate immune defenses and 
enterocyte functionality without bacterial mediation.   
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